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Abstract 
Femtosecond (fs) laser ablation possesses unique characteristics for micromachining, 
notably non-thermal interaction with materials, high peak intensity, precision and flexibility. In 
this dissertation, the potential of fs laser ablation for machining polyurea aerogel and scribing 
thin film solar cell interconnection grooves is studied. In a preliminary background discussion, 
some key literature regarding the basic physics and mechanisms that govern ultrafast laser pulse 
interaction with materials and laser micromachining are summarized.  
First, the fs laser pulses are used to micromachine polyurea aerogel. The experimental 
results demonstrate that high quality machining surface can be obtained by tuning the laser 
fluence and beam scanning speed, which provides insights for micromachining polymers with 
porous structures. Second, a new fs laser micro-drilling technique is developed to drill micro-
holes in stainless steel, in which a hollow core fiber is employed to transmit laser pulses to the 
target position. The coupling efficiency between the laser and the fiber is investigated and found 
to be strongly related to pulse energy and pulse duration. Third, the fs laser with various energy, 
pulse durations, and scanning speeds has been utilized to pattern Indium Tin Oxide (ITO) glass 
for thin film solar cells. The groove width decreases with increasing pulse duration due to the 
shorter the pulse duration the more effective of the energy used to material removal. In order to 
fully remove ITO without damaging the glass, the beam scanning speed need to precisely be 
controlled.  Fourth, fs laser has been utilized to scribe Molybdenum thin film on Polyimide (PI) 
flexible substrate for Copper Indium Gallium Selenide (CIGS) thin film solar cells.  The 
experimental parameters and results including ablation threshold, single- and multiple-pulse 
ablation shapes and ablation efficiency were discussed in details.  
In order to utilize the advantages of the fs lasers, the fabrication process has to be 
optimized for thin film patterning and structuring applications concerning both efficiency and 
quality. A predictive 3 dimensional (3D) Two Temperature Model (TTM) was proposed to 
predict ablation characteristics and help to understand the fs laser metal ablation mechanisms. 3D 
temperature field evolution for both electrons and lattice were demonstrated. The ablation model 
provides an insight to the physical processes occurring during fs laser excitation of metals. 
Desired processing fluence and process speed regime can be predicted by calculating the ablation 
threshold, ablation rate and ablation crater geometry using the developed model.  
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Abstract 
Femtosecond (fs) laser ablation possesses unique characteristics for micromachining, 
notably non-thermal interaction with materials, high peak intensity, precision and flexibility. In 
this dissertation, the potential of fs laser ablation for machining polyurea aerogel and scribing 
thin film solar cell interconnection grooves is studied. In a preliminary background discussion, 
some key literature regarding the basic physics and mechanisms that govern ultrafast laser pulse 
interaction with materials and laser micromachining are summarized.  
First, the fs laser pulses are used to micromachine polyurea aerogel. The experimental 
results demonstrate that high quality machining surface can be obtained by tuning the laser 
fluence and beam scanning speed, which provides insights for micromachining polymers with 
porous structures. Second, a new fs laser micro-drilling technique is developed to drill micro-
holes in stainless steel, in which a hollow core fiber is employed to transmit laser pulses to the 
target position. The coupling efficiency between the laser and the fiber is investigated and found 
to be strongly related to pulse energy and pulse duration. Third, the fs laser with various energy, 
pulse durations, and scanning speeds has been utilized to pattern Indium Tin Oxide (ITO) glass 
for thin film solar cells. The groove width decreases with increasing pulse duration due to the 
shorter the pulse duration the more effective of the energy used to material removal. In order to 
fully remove ITO without damaging the glass, the beam scanning speed need to precisely be 
controlled.  Fourth, fs laser has been utilized to scribe Mo thin film on Polyimide (PI) flexible 
substrate for Copper Indium Gallium Selenide (CIGS) thin film solar cells.  The experimental 
parameters and results including ablation threshold, single- and multiple-pulse ablation shapes 
and ablation efficiency were discussed in details.  
In order to utilize the advantages of the fs lasers, the fabrication process has to be 
optimized for thin film patterning and structuring applications concerning both efficiency and 
quality. A predictive 3 dimensional (3D) Two Temperature Model (TTM) was proposed to 
predict ablation characteristics and help to understand the fs laser metal ablation mechanisms. 3D 
temperature field evolution for both electrons and lattice were demonstrated. The ablation model 
provides an insight to the physical processes occurring during fs laser excitation of metals. 
Desired processing fluence and process speed regime can be predicted by calculating the ablation 
threshold, ablation rate and ablation crater geometry using the developed model. It also can be 
applied to fs laser ablation of other metals and semiconductors.  
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Chapter 1 - Introduction 
 1.1 Motivation 
Femtosecond (fs) laser has opened a new era of micromachining since it was first  
demonstrated in 1994 [1]. Its precision, high peak power, flexibility, non-thermal interaction, and 
wide range of materials (e.g. fragile, ultra-thin and highly reflective surfaces) provide many 
advantages in micromachining for material processing applications. The fs lasers with pulse 
duration of ~100 fs have been widely used for micromachining because damage to the 
surrounding is mostly eliminated in dielectric materials [2] and heat affected zones in metal can 
be minimized [3, 4]. The main characteristics of fs laser pulses are very high peak intensity up to 
1014W/cm2 and rapid deposition of photon energy into the materials. At this high intensity, the 
onset of optical breakdown that initiates ablation can be more deterministic [5] and a wide range 
of materials can be machined due to the nonlinear process taking place at this intensity. The 
benefits of ultra-short laser pulses arise because the pulse duration τ ~ 100 fs is less than the 
equilibrium time of electron and lattice-ions subsystems τei ~ 1–10 ps [6].  
In addition, the time needed for the electron thermal energy diffusion to reach the optical 
penetration depth is several orders of magnitude longer than τei [5]. The short pulse duration can 
eliminate the effects of hydrodynamic motion of the matter during laser irradiation [6]. The short 
pulse also can prevent the shielding of incoming laser beam by plasma from the ablated surface, 
which can maximize absorption efficiency [7]. 
Fs lasers have been employed in processing a wide variety of materials by previous 
researchers. However, the foregoing research in fs laser micromachining is still not far from the 
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concept-proving stage and the fs laser matter interaction mechanisms remain unclear. There is a 
significant amount of innovative work that remains to be done to realize the potential of fs laser 
micromachining as an alternative machining process for different types of materials. For 
example, while the soft polyuria aerogel material has the special property and hard to process 
using traditional machining techniques, there is a need to explore fs laser processing of such 
material. Also, laser deep micro-hole drilling is always a hard research topic in laser 
micromachining, it is necessary to study fs laser drilling of high aspect holes. Moreover, if fs 
laser can be used for thin film solar cell fabrication, the production cost will be reduced and the 
performance of the solar cell will be improved. Therefore, high precision solar cell scribing using 
fs laser ablation is investigated and presented in this thesis. 
1.2 Literature review 
In this section, a wide range of micromachining techniques for micro-drilling, cutting and 
thin film scribing are reviewed. Fs laser micromachining process is compared to other processes 
and its advantages are discussed based on the review of previous work. The basic configuration 
of fs laser system and experiment setups used for this thesis are presented.  
1.2.1 Micromachining technologies 
There are many products associated with micromachining such as engine blades, 
irrigation needles, fuel injectors, high resolution circuitry, flow control devices, medical devices 
and so on. Various techniques have been used for the manufacture of micro-products including 
mechanical, micromachining, electrical discharge machining (EDM), chemical etching, 
photolithography, and laser ablation. The mechanical techniques such as  micro-drilling and 
micro-cutting  have low efficiency due to chip generation, friction heating at the cutter/sample 
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interface, and potential burr formation in the micromachining process [8, 9][10]. Electrical 
discharge machining (EDM) and electrochemical micro-drilling (ECM) [11, 12] also have low 
efficiency and high machining cost. Some other types of micromachining techniques such as 
chemical etching [13] and lithography are widely used  micromachining tools. However, 
Chemical etching is not precise for micromachining as we can see from Table 1. Lithography is 
an alternative method to silicon-based micromachining and it provides a convenient, effective, 
and low-cost method for patterning [14-17]. However, it still requires multiple steps from the 
development of appropriate masters to a working device and residual chemicals remaining after 
the process that can be toxic to the environment.   
Table 1-1 Comparison of micromachining processes [65] 
Process Resolution (μm) 
Surface 
Roughness (μm) Side Effects 
Mechanical 
Micromachining 100 6.3-1.6 Burring, requires polishing 
EDM 100 4.75-1.6 Electrode wear, rough finish, slow and unclean process 
Chemical Etch 250 6.3-1.6 Undercutting 
LIGA 5 1-2 Synchrotron source: very expensive 
Nd: YAG Laser 50 1 Re-deposition 
Excimer Laser 5 > 1 μm  Recast Layer, aspect ratios 
Ti:sapphire 
Ultrafast Laser < 1 nm range 
Higher power ranges may 
require vacuum environment 
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1.2.2 Laser micromachining 
Table 1 shows the comparison of different micromachining processes. As we can see 
from the comparison, from the precision point of view, there is no doubt that laser ablation can 
provide high quality finishing results. 
In recent years, micromachining by nanosecond (ns), picoseconds (ps) and femtosecond 
(fs) lasers has been intensively studied and achieved various degrees of success [13-15]. 
Compared with ns and ps lasers, fs lasers are regarded as the potentially ideal tool for precision 
micromachining. Fs lasers deposit the energy into the material in a very short time, thus causing 
a very small heat affected zone (HAZ) and minimizing energy loss into the bulk material [16]. In 
contrast, in ns and ps machining, the thermal relaxation wave propagates into the bulk creating a 
relatively large layer of melted material, some of which is not removed but re-solidifies and thus 
forming recast layer, craters, debris, spatters or burrs [5, 18-20]. An example of the holes drilled 
by ns and fs laser is shown in Figure 1.1. The thermal effect and recast layer can be clearly seen 
from the hole on the left in Figure 1.1 which is drilled by ns laser. The fs laser drilled hole as 
shown on the right is clean and without collateral damage. Gebhardt et al. found that the ps and 
fs lasers only slightly damaged the substrate [21] compared to the trials with ns lasers as shown 
in Figure 1.2. 
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residuals were left at the patterning of the back conductor (P1) groove bottom, the adjunct cells 
could not be effectively separated and the module efficiency will drop. Therefore, the 
interconnect groove quality plays an important role for the module efficiency. The ideal case is 
that the P1, P2 (patterning of the absorption layer), and P3 (patterning of the front conductor 
layer) grooves are precise and narrow in width without any defects such as micro-cracks.  
 1.2.3.1 Thin film solar cells 
 
The thin film solar cell has attracted much attention for years due to greatly reduced 
semiconductor material consumption and the ability to (a) fabricate the solar cells on inexpensive 
large area flexible substrates and (b) to monolithically series interconnect the fabricated solar 
cells, and hence thin-film PV has the potential of achieving lower module costs [28, 29].  
There are three major thin film solar cell technologies according to the absorption 
material including amorphous silicon (α-Si), cadmium telluride (CdTe) and Cu (In1-xGax)Se2 
(CIGS). Amorphous Si has its place in consumer applications as well as mature manufacturing 
technology mainly for indoor use. The highest demonstrated cell efficiencies can reach 15.6 %. 
Module efficiencies are in the 6–8% range. Comparing with the other two technologies, it has 
lower efficiency. CdTe technology has several advantageous properties such as ideal material, 
and low cost manufacturing. Therefore, many efforts were made towards the large scale 
fabrication of modules. Laboratory cells can reach efficiencies above 16.7%. A non-technical 
problem associated with CdTe is the acceptance in the market place because Cd and to a lesser 
extent Te are toxic materials. CIGS is a technology based on the multinary compound 
semiconductors CIGS [28, 30]. CIGS has very high efficiencies approaching 20.3% reported for 
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laboratory scale devices[30]. More improvements can be expected in the near future by 
improving the fabrication processes and material property [28, 31-33]. 
1.2.3.2 Laser patterning of thin film solar cells 
Thin film solar cells can be produced by an alternating sequence of layer deposition and 
layer patterning steps, which leads to series-connected solar modules as shown in Figure 1.3. 
Besides the deposition processes and the absorption material property, the scribing process for 
the interconnection grooves is another key aspect for thin film solar cell technology to reach low 
unit cost and high efficiency. The P1 scribe must penetrate completely through the full thickness 
of the back contact Mo layer on the substrate. This scribe isolates the individual cells with an 
effective resistance of tens of mega ohms. The P2 scribe through the absorber layer is important 
for formation of the series interconnects between two cells. By cutting through both the front-
contact and semiconductor absorption layers, the P3 scribe isolates adjacent cells. The integrity 
and continuity of the P3 scribe are as critical as that of P1 scribe. The area of the module is 
divided into series connected cell stripes by the scribe patterns. This series connection leads to a 
reduction in the current density, and a decrease of the ohmic losses in the conducting layers. 
However the active module area is also reduced, since the patterned regions (dead area) no 
longer generate solar energy [34-36]. 
 
Figure 1-3  Typical interconnect scheme for: (a) CdTe/CdS, (b) CIGS solar cells[37] 
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High efficiency combined with the low cost roll-to-roll fabrication process makes CdTe 
and CIGS the most promising candidates for competition with crystalline Si technologies in 
terms of production cost and device performance. Further developments are directed towards 
improving understanding the materials, especially the surface and junction properties, as well as 
the reduction of film thickness and development of novel fabrication processes [38]. 
On the fabrication process side, monolithic integration of cells into large-scale panels is 
widely employed in order to improve cell efficiency, yield and overall manufacturability of the 
cells which all lead to lower cost. To lower the unit cost, the requirements for the laser scribing is 
listed as below: 
• Narrower scribe widths enabling higher efficiency by increasing the active area. For 
example less than 40 micrometers 
• Faster process time to improve throughput 
• Improved scribe quality meaning less defects and micro-cracks. 
• Laser scribing of challenging materials such as those used in CIGS and CdTe devices 
• Improved scribe positional accuracy 
As we can see from Figure 1.4, an example from Oerlikon Solar, by narrowing  the dead 
area from 500 μm  down to 200 μm, the dead area percentage can be reduce by 4% [39]. 
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Figure 1-4 Effect of laser dead zone on active area for a Oerlikon Solar amorphous and 
micromorph tandem modules[39] 
The CIGS and CdTe modules share common characteristics and device structural 
elements. The ongoing need for improvements in these areas is promoting both growth and 
research in the laser processes for both CIGS and CdTe thin film solar cells. 
Several approaches for scribing CIGS modules on flexible substrate foils were tested and 
evaluated during the last decade. Various types of lasers are employed for P1 scribing. DPSS Q-
switched lasers with 1064 nm and 532 nm wavelengths are the most common choice in industry. 
Laser pulse in the range of 10s of nanoseconds combined with 10s of mJ pulse energy levels 
provides sufficient intensity for most film removal tasks. However, Mo can be projected onto the 
walls of the ablation channel due to the thermal effect of ns laser scribe, which results in reduced 
module conversion efficiency [34, 36, 40]. According to the theoretical analyses, damage free 
thin film solar cell scribing requires shorter laser pulse durations [41, 42]. Lasers with ps pulse 
duration were applied for P1 scribe to reduce the thermal effect of laser ablation. Gecys and 
Raciukaitis claimed that the ps laser with wavelength 355 nm can be used for P1 scribe without a 
significant damage to the underneath layers [43, 44]. They also found that the ps pulse duration 
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can prevent extensive formation of the melt and no mixing of Mo with CIGS was found. 
Although the ps laser P1 scribe has shown better results on glass substrate comparing to the ns 
laser scribe, it could not produce the desired results on polymer and metal flexible substrates.  
P2 and P3 scribe in CIGS thin film solar cells are usually accomplished by mechanical 
and photolithographic methods. Commonly in industry, the P2 and P3 process are done by the 
mechanical methods using  needle structuring, with which the dead area determined by the chip 
effect for a cell is up to 400~450 mm [45]. In this method, the needles have to be replaced every 
day and all needles have to be controlled individually. All of these factors make the fabrication 
costly. Photolithographic methods were investigated which in principle allow chemical and 
selective scribing of all layers. First attempts were made with photomasks and a spin-coated 
photoresist. This approach works for P1 and on small areas but is unsuitable for large areas and 
for P2 and P3. The adjustment of the photomasks for P2 and P3 (with regard to P1), however, is 
both time-consuming and unsatisfying as the flexible foil substrates are less planar and 
dimensionally less stable than glass substrates [38]. Using laser P2 and P3 scribing, the dead area 
for one cell can be reduced to within 200 mm and the active area can be increased by 4%, which 
combined with the easy adjustment and stable process makes laser a high efficiency scribing tool 
for the CIGS P2 and P3 scribes. As we discussed previously in the introduction section, the ns 
and ps lasers all have the limitations of melting the absorption layer for P2 and P3 scribes. 
The ns, ps and fs lasers have been tested for scribing a CIS film at wide ranges of 
experimental conditions. Ns laser irradiation on CIS has been characterized by (1) a large lateral 
heat affected zone (HAZ), (2) an inter-diffusion of molten and resolidified CIS and Mo layers, 
and (3) extended cracks and rims presumably caused by thermal effects, while in ps laser 
scribing features, these thermal effects appeared to be less pronounced. However, a close-up 
12 
 
inspection of a few other processing conditions indicates some issues concerning the quality of 
the process, namely, (1) large droplets or debris (on the order of 1 μm or larger) as evident in 
Figure 1.5(a), (2), micro-cracks as shown in Figure1.5 (c,d), and (3) microscopic ripple and/or 
droplet patterns on the bottom (“valley”) of the scribe (Figure 1.5(c)). Micro-cracks are of 
concern, since they can create an unwanted electrical isolation within back contacts and 
contribute to device failure, decrease of efficiency and crack to next deposited layer. FIB 
(focused ion beam) cross-sectioning shows that the crack propagated through the entire Mo 
thickness (500 nm), as shown in Figure1.5(d) [46]. Therefore, ps laser is not the ideal tool for P2 
and P3 scribing. 
 
Figure 1-5  SEM image of CIS film scribed by a picosecond laser (λ = 532 nm, laser power 
= 3.5W, PRF = 250 kHz, scanning speed = 1 m/s) at different magnifications. FIB cross-
sectioning in (d) shows the crack depth [46]. 
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On the other hand, fs laser has shown advantages in thin film structuring such as free of 
cracks and little heat affected zone (HAZ). Hermann et al. demonstrated that fs laser was an 
effective tool to do the P1 scribing for CIS-based solar cell without relevant change in their 
photo-electrical properties theoretically and experimentally [41]. Zimmer et al. study concluded 
that fs laser can produce high quality laser scribing for photovoltaic applications [47]. Zoppel et 
al. demonstrated the potential of ultrafast lasers for structuring TCO and metallic layers for thin 
film solar cells [48]. With the high frequency fs fiber laser development, fs laser will be a 
promising tool for CIGS solar cell thin film P1, P2 and P3 scribe. Roll-to-roll machines for the 
chalcopyrite deposition on polyimide (PI) or metal foil flexible substrate are being optimized at 
various laboratories or companies such as Global Solar Energy. The fabrication of monolithically 
integrated modules on flexible metal foil substrates is still a big challenge and ongoing research 
[49]. 
As we discussed previously in this section, ns and ps lasers all have the limitations of 
melting the absorption materials for P2 and P3 scribes. For speed and simplicity, it is highly 
desirable to achieve all three scribing steps with one laser using a single wavelength for both 
rigid and flexible CIGS modules. Therefore, to establish such all-laser scribing capability, fs 
laser sribing for all P1, P2 and P3 should be explored.  
1.3 Two temperature modeling and simulation of femtosecond laser ablation 
of Mo thin film 
Up till now fs laser materials processing is still in the stage of laboratory research and not 
applied in industry. The fundamental machining mechanism  which governs fs laser  
micromachining is not well understood so far, and as a result there is no  effective guidance for 
parameter selection, especially how to optimize the thin film processing regime. Therefore, a 
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deep understanding of the material ablation mechanisms in fs laser processing of metal thin films 
is needed. 
1.3.1 Proposed laser ablation mechanism 
During the laser pulse irradiation time, laser energy is first absorbed by the electrons in 
the material. The electrons strike with each other and reach a thermal equilibrium in a few fs. 
The high temperature electrons exchange energy with the lattice, and the electrons and the lattice 
reach a thermal equilibrium on the time scale of picoseconds. The lattice within a shallow region 
from the surface heats up in a very short amount of time, nearly without a volume change. 
Materials can be removed at different states (density, volume, and temperature), depending on 
the laser parameters such as laser fluence. 
For fs lase ablation, laser fluence is one of the most important parameters except laser 
pulse duration. If the applied laser fluence is a little higher than the ablation threshold, 
photomechanical spallation occurs with a dramatic phase change [52]. The driving force of the 
spallation is the compressive stresses and the hot-electron blast force generated by non-
equilibrium hot electron gas [52]. Phase explosion dominates if the laser fluence is even higher 
[53]. During phase explosion, the peak temperature reached is a little below the critical 
temperature, and bubble nucleation occurs. The contribution of the tensile stress to phase 
explosion was also recognized. If the laser fluence is as high as a few times the threshold 
fluence, critical point phase separation is most likely to occur in this moderate fluence 
regime[54]. Vidal et al. described that fs laser induced local heating generates a local 
hydrodynamic pressure, which causes the ejection of hot material away from the material surface 
and the formation of a shock wave into the solid [54]. If the lase fluence is much higher than the 
ablation threshold  fluence,  the material is overheated above the critical point and the overheated 
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region is deeper than the skin depth due to electron heat diffusion [55, 56]. Nedialkov and Nolte 
proposed that the material is quickly transformed into gas (not a combination of gas and liquid as 
in phase explosion or critical point phase separation) with a steep rise in the pressure, which 
results in a much higher ablation rate at high laser fluence ablation [55, 56]. 
The fs laser induced material ablation involves very complicated physical processes that 
can be affected by little change of laser parameters or material properties. Even under the same 
given conditions, a conclusive explanation on the ablation mechanism has not been achieved.  
1.3.2 Simulation of fs laser ablation 
There are three typical models used in fs laser ablation modeling: two-temperature model 
(TTM), hydrodynamic model (HD), and molecular dynamics method (MD). TTM is used to 
describe the heat conduction processing in the solid region of the metal under ultra-short laser 
irradiation. The electrons and the lattice are treated as two sub-systems with energy coupling 
between them. TTM is based on the fact that laser energy is first absorbed by free electrons in 
the metal and then the electrons are relaxed by coupling with phonons. Parabolic TTM was 
proposed by Anisimov et al. [57].It is not accurate for pulse duration comparable with the 
electron relaxing time since the thermal equilibrium in the electron system is assumed for all 
time . The hyperbolic two temperature model was derived by Qiu and Tien [58]. It gives better 
results than the parabolic TTM for laser pulse durations comparable with the electron relaxing 
time for metals. Chen and Beraun proposed a dual-hyperbolic two-temperature model, which 
extended the Qiu and Tien’s model by adding the relaxation behavior of and the heat conduction 
in lattice [59]. TTM is widely used because of its simplicity and acceptable accuracy in 
describing the energy transport mechanisms inside the solid target. Heat-affected zone and 
ablation rate of copper ablated by fs laser pulse was investigated using the parabolic TTM [60, 
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61]. An analytical solution of the TTM describing ablation of metals with Gaussian laser source 
was obtained with the assumptions that the lattice heat capacities and the thermal conductivity of 
the electron and lattice subsystems remain approximately constant during the process [62]. A 
very good agreement between the experimental data and simulation results was found by using 
the parabolic one dimensional TTM [63, 64]. 
However, many existing TTM models are based on some assumptions such as that the 
heat capacity of the thermal electrons and the thermal conductivity remain constant during the 
process of ablation, which may be invalid and have limitations. It is necessary to develop an 
efficient TTM model to understand the underlying physical processes during fs laser ablation and 
guide the Mo thin film ablation process. 
1.4 Objectives and scope of this research 
In summary, investigating fs laser micromachining for deep micro-hole drilling, cutting 
of difficult-to-machine materials and scribing for thin film solar cells is a worthy undertaking. 
The objectives of this research are as follows:  
(1) To study the feasibility of fs laser ablation of polyurea aerogel. 
(2) To study fs laser micro drilling of high aspect holes through a  hollow core fiber 
(3)  To study fs laser scribing of thin film solar cells to achieve narrow groove width and 
high quality P1, P2 and P3 scribes. 
(4) To investigate the mechanisms of fs laser interaction with Mo thin film material and to 
predict the single pulse ablation rate and crater geometry using TTM modeling and 
simulation.  
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This thesis is organized as follows. Chapter 1 is an introduction providing the motivation 
and the objectives of this work. A review of reported investigations on fs laser micromachining 
and laser applications in thin film solar cells is also included in Chapter 1. Chapter 2 is a 
feasibility investigation of fs laser ablation of polyurea areogel. Chapter 3 is an experimental 
study of fs laser drilling of micro holes through a hollow core fiber. Chapter 4 and 5 are 
experimental investigations on the effects of input variables of fs laser on monolithic 
interconnect groove quality for P1 patterning. Chapter 6 describes TTM model to predict the 
single laser pulse ablation rate and simulate the single pulse ablation crater geometry. The 
conclusions and future research are discussed in Chapter 7.  
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2.1 Abstract 
We successfully sliced cylindrical polyurea aerogel samples of 10~15 mm in diameter 
into 1~3 mm disks using femtosecond laser. The experiments are performed using a Ti:sapphire 
laser with 800 nm wavelength in ambient air with a pulse duration ~40 fs. We found that the 
laser fluence to breakdown this material is 1.3 J/cm2. The ablation rate at different energy levels 
is evaluated. The factors influencing the ablation surface quality are investigated. The proper 
fluence to slice the porous polyurea is 6.4~8.9 J/cm2 with the beam linearly scanning the sample 
at a speed of 0.1 mm/s, or 5.1~7.6 J/cm2 with the beam circularly scanning the sample at a speed 
of 3.5~4 deg/s, and high quality machining surface is obtained with these conditions. The 
material removal mechanisms are proposed. Structural details of the machined area are 
characterized using a number of techniques such as optical microscopy and scanning electron 
24 
 
microscopy. This work provides insights for micromachining polymers with porous structures 
using femtosecond lasers. 
Keywords: polyurea aerogel; femtosecond laser; SEM; micromachining 
2.2 Introduction 
The excellent mechanical and thermal properties, together with their unique porous 
structure, have made polyurea aerogels very attractive materials for many potential applications 
including lightweight, thermal and acoustic insulation, radiation shielding, and vibration 
damping [1,2]. Consequently, considerable effort has been made to fabricate the materials to 
various applications. But it is difficult to cut these materials using traditional machining 
operations such as cutting, milling, and grinding due to their soft and porous structure [2,3]. The 
recommended tool for cutting the aerogels is a diamond saw [2]. In particular, how to process the 
material and obtain good surface quality remains a challenge. 
Ultra high intensity femtosecond laser has been extensively explored as a potentially fast 
and economical tool for micro/nano machining of various materials. The advantages of 
femtosecond laser machining include high precision with negligible collateral damage, no 
restriction to material type, and machining in the bulk [4]. Hence, femtosecond laser 
micromachining provides an alternative method to cut polymer materials due to its non-contact 
nature of material removal. In recent years, femtosecond laser micromachining has been 
developed to ablate micro-scale features in many materials including polymers [4, 5, 11, 12, and 
18]. For example, femtosecond laser micromachining has been used to fabricate miniature 
devices using polymer materials including polyethylene [6] and silicone-based hydrogel 
polymers [7]. Also, ultrafast laser micromachining of silica aerogel has been reported [8]. 
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Several operating factors that affect the micromachining process have been explored in the 
investigation, such as the linear transmission of laser light and the material breakdown threshold 
fluence of the silica aerogel material [8]. Meanwhile, femtosecond laser ablation of 
polytetrafluoroethylene has been investigated [9], and the experimental results indicate that a 
sufficiently large pulse number and the control of laser intensity are two key factors in obtaining 
a high quality microstructure. 
In addition, the mechanism of light-matter interaction especially the ultrafast laser pulse-
matter interaction is fundamentally important [13]. Femtosecond laser ablation mechanism of 
polymer material has been reported by Reyna and coworkers. And a photothermal model was 
presented in their paper [10]. However, there are few studies in laser processing of polyurea 
aerogels based on our knowledge. Therefore, the interaction that occurs between the laser pulse 
and the porous polymers needs to be investigated. Also, it is vital to obtain the right combination 
of laser ablation parameters in order to obtain the desired shape with good surface quality. To 
achieve this, an appropriate setting of laser intensity, pulse number and pulse duration as well as 
their ratio are of prime importance [12].  
In this paper, we report femtosecond laser micromachining of polyurea aerogels in 
ambient air using a Ti:sapphire laser with 800 nm wavelength and 40 fs pulse duration. 
Furthermore, the material removal mechanisms are proposed.  
26 
 
Femtosecond Laser Beam 
Focus Lens 
Quarter Wave 
Neutral Density 
M
Workstation 
M
Fast Optical 
 2.3. Experimental Details 
 2.3.1 Experimental Setup 
The experimental setup of the femtosecond laser micromachining system is schematically 
shown in Fig. 2-1. The femtosecond laser pulses are generated using a Ti:sapphire laser system, 
which can produce pulses with ~40 fs duration and at 800 nm center wavelength. The repetition 
rate is 1 kHz and the maximum pulse energy is 6 mJ. The laser beam diameter is 10 mm and the 
M2 of the laser beam is 1.35. After a 50-50 beam splitter, a neutral density filter is used to adjust 
the laser pulse energy. A quarter-wave plate is used to generate a circularly polarized laser beam. 
The laser beam is focused by a lens with 500 mm focal length. It is focused at the sample center. 
The sample is mounted on a computer controlled micropositioning stage so that the sample can 
be rotated or translated in 3D. All the experiments are carried out in ambient air at atmospheric 
pressure and room temperature. After machining, the samples are analyzed using an optical 
microscope and a scanning electronic microscope (SEM).  
 
 
 
 
 
 
Figure 2-1  Schematic of the experimental setup 
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 2.3.2 Sample Preparation 
Polyurea aerogels of different densities were prepared by varying the concentration of 
Desmodur N3300A (courtesy of Bayer Corp) in the sol according to a modification of a process 
developed by Leventis [19]. Typically, low-density polyurea aerogels were prepared by mixing 
5.5 g (0.0109 moles) of N3300A in 94 ml of dry acetone, 1.5 equivalents of water (0.2945 ml, 
0.01635 mol) relative to the mol of N3300A in the sol and 0.327 ml triethylamine (ACROS, 99% 
pure, distilled, 0.3 % w/w relative to the total weight of Desmodur N3300A plus solvent used in 
the sol). The resulting sol was shaken vigorously and it was poured into polyethylene syringe 
molds and its gelation time was found to be 8 h. Higher-density polyurea aerogels were prepared 
by increasing the concentration of N3300A in the sol. Two types of high-density polyurea 
aerogels were prepared, one with 11 g (0.02108 moles) of N3300 A in 94 ml of dry acetone and 
another with 16.5 g (0.0327 moles) of N3300A in 94 ml of distilled acetone, by adding 1.5 
equivalents of water relative to the mol of N3300A and 0.351 ml of TEA for 11 g of N3300 A 
and 0.375 ml of TEA for 16.5 g of N3300 A, and the gelation time was found to be 4 h and 2 h, 
respectively. After aging for a day both the low-density and high-density polyurea wet gels were 
washed with acetone, approximately 4 times the volume of the gel. The solvent was exchanged 2 
times once every 24 h. Finally the wet gels were dried supercritically. The gelation time was 
found to vary with respect to the amount of catalyst and the amount of water added to the sol. 
Fig. 2-2 shows a high-density polyurea aerogel sample and its microstructure. The material looks 
like an assembly of nanoparticles at the microscale. It is highly porous with a porosity of ~85% 
and a density of ~0.2 g/cm3. . 
(a) (b) 
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 Figure 2-2 High-density polyurea aerogel sample (a) optical image of a cylindrical sample 
of 13 mm in diameter (b) SEM image of the porous polyurea particulate microstructure 
In this study, at first laser ablation experiments are conducted to find the material 
breakdown threshold and ablation rate. Laser pulse number is controlled using a fast electronic 
fast shutter when we investigate the material breakdown threshold and ablation rate. The shutter 
has a 6 mm aperture and 150 Hz frenquency at continual running state.  Also, the surface quality 
is investigated, together with the effect of the pulse energy and the sample scanning speed. The 
influence of the incident pulse energy and the sample scanning speed on the surface quality is 
studied separately. The average laser pulse power was measured by the portable laser power 
meter with ±1% accuracy and 3 mW to 10W measurement range. It was measured before the 
focusing lens. In order to offset random measurement errors, we averaged out of five 
measurements of the same simple quantity for laser pulse power as well as other parameters. The 
experiments to find the cutting parametric regime are studied in other two sets of experiment: a) 
the sample is mounted on the linear translation stage and the beam cuts through the whole 
sample and slices it off, as shown in Fig. 2-3(a); b) the sample is mounted onto the rotating stage 
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2.4.2 Surface Morphology and Quality 
The periodic groove structure is observed on the ablated surfaces as shown in Fig. 2-6. 
Fig. 2-6 (a) shows the cutting surface with the sample linearly translating through the beam (the 
laser beam propagates from left to right and the sample moves orthogonal to the beam). The 
scanning speed is 0.1 mm/s and the laser fluence is 6.36 J/cm2. It can be seen that the surface 
quality varies from the beam incident side to the beam exit side. The surface quality at the beam 
incident side (left side of Fig. 2-6 (a)) is much better than at the beam exit side (right side of 
Fig.2-6 (a)). SEM examination reveals that the incident side of the sample has small groove 
width, which is clearly seen in Fig. 2-6 (a) (b) (c). The images indicate that the incident side 
groove width and depth are about 80 μm and 30 μm, respectively, which is smaller than at the 
exit side, which are about 280 μm and 140 μm, respectively as shown in Fig. 2-6 (a) (d) (e).   
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Besides the beam propagation distance in the material, the other key factors affecting the 
quality of the cutting surface are the sample scanning speed and the laser fluence. We studied the 
influence of them on the ablated surface quality in two separated sets of experiments. The beam 
spot size on the sample surface was 107 μm, measured using CCD camera. It was fixed because 
a long Rayleigh range is required in order to slice a cylindrical sample of more than 13 mm in 
diameter. A long Rayleigh range means a large focal spot size; therefore, the final focus lens and 
focal spot size of 107 μm are the results for the desired Rayleigh range. In the process of surface 
cutting, the sample is exposed to multiple pulses while being continuously translated at the 
scanning speed V. It is convenient to relate the scanning speed to an effective pulse number 
delivered in order to compare the results to the stationary process. The approximate relation that 
accounts for the effective pulse number incident over the distance of the beam spot size is given 
by  
N=RS/V                                                                              (2) 
where N is the pulse number, R is the pulse repetition rate, S is the beam diameter and V is the 
sample scanning speed [9]. The expression can be used to calculate the accumulated fluence of a 
series of pulses with a Gaussian intensity profile, peak fluence of φo and separated by V/ R, the 
distance traveled between pulses. It is important to point out that this is an approximate relation 
and is not expected to be completely equivalent to stationary processing with N pulses. 
Nevertheless it is instructive in a first analysis of the surface cutting results. In the subsequent 
discussions, all the references to the number of pulses are based on the conversion of the 
scanning speed V to the number of pulses N in Equation (2). 
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In the first set of experiments, the pulse energy (fluence) was held constant at E0 = 0.5mJ 
(φ0=6.3 J/cm2) and the dependence of the surface quality on the scanning speed was investigated 
in the range of V=0.02mm/s-0.2mm/s (N=5000-500).   
The results of this set of experiments indicate that the surface quality is inversely 
proportional to the scanning speed as shown in Fig. 2-7, with the scanning speed decreasing and 
the pulse number increasing the cutting surface becomes smoother. However, when the sample 
scanning speed decreases to 0.02 mm/s, the total amount of absorbed energy is very high, which 
results in the burned surface as shown in Fig. 2-7(c). In contrary, when the sample scanning 
speed is very fast, the material cannot be totally melted and removed due to the less amount of 
energy absorbed, therefore the surface is rougher as shown in Fig. 2-7(b). We found out that the 
suitable sample scanning speed is 0.1~0.12 mm/s when the pulse energy is 6.3 J /cm2. 
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Figure 2-8 Optical microscope images showing the dependence of groove size on the  laser 
fluence at the sample scanning speed of 0.1 mm/s (a) fluence= 5.7 J/cm2 (b) fluence= 8.9 
J/cm2 (c) fluence= 11.5 J/cm2 (d) fluence= 14 J/cm2 (e) microstructure of the burned 
surface(SEM image). 
(d) 
(a) (b) 
(c) 
(e) 
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In the next set of cutting experiments, the cutting surface was investigated as a function 
of pulse energy (fluence) in the range of E0 =0.4-1.2 mJ/pulse (φ0=5.1–15 J/cm2), at the sample 
scanning speed of 0.1mm/s. The results are shown in Fig. 2-8 (a) (b) (c). The surface quality 
improves with the increasing beam fluence. However, if the fluence is increased to a critical 
value at certain scanning speed, e.g., 15 J/cm2 at the scanning speed of 0.1mm/s in our 
experiments, the heat is accumulated so much that the ablation surface is severely melted and 
burned as shown in Fig. 2-8 (d). The material is melted and recasted into the weblike 
microstructure, as shown in Fig. 2-8 (e). The suitable energy (fluence) is found to be 0.5~0.7 mJ 
(6.3~8.9 J/cm2) at the scanning speed of 0.1 mm/s for the linear scan and about 0.4~0.6 mJ 
(5.1~7.6 J/cm2) at the scanning speed of 4 degree/s for the circular scan.  
 2.5. Discussions 
Two main polymer ablation mechanisms have been proposed and discussed for more than 
two decades: photochemical model and thermal/photothermal model. Both ablation models are 
based on the fact that the energy from laser pulse is initially transformed into electronic 
excitations [21]. Therefore, the ablation of polymers usually is a combination of photochemical 
and photothermal phenomenon. The role of each can be varying for different polymer materials 
and laser irradiation wavelengths [22]. Although the polyurea aerogel in our experiments has the 
unique porous structure, it is still a polymeric material. Therefore the material removal is realized 
through a combination of photothermal and photochemical mechanism. On the other hand, for 
the high laser intensity used in our experiments, it is believed that the polyurea aerogel ablation 
process is fundamentally initiated through multiphoton ionization.  
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 2.5. Conclusions 
Polyurea aerogel is successfully machined using femtosecond laser pulses. The material 
breakdown threshold is found to be 1.7 J/cm2 at 800 nm center wavelength and 40 fs pulse width. 
The material ablation rate at different energy levels is found to be on the order of tens of microns 
per pulse. The periodic groovy surface structure after laser cutting is explained by a proposed 
material removal mechanism that includes material melting and vaporization. An important 
factor of this study is to determine the optimum regime of laser micromachining to create the 
high quality cutting surface by investigating the influence of the key factors such as laser beam 
energy and sample scanning speed. The following parametric regime produces a high quality 
surface: the suitable beam fluence is 6.36~8.9 J/cm2 while the sample is translated at the speed of 
0.1~0.12 mm/s and 5.1~7.3 J/ cm2 while the sample is rotated at the speed of 3.5~4deg/s. 
However, the surface quality is better with the beam circularly scanning the sample due to the 
reduced beam propagation distance. Based on the SEM image of the raw material and the ablated 
material we find that the porous microstructure remains the same at 10 um under the ablation 
surface. Owing to femtosecond laser’s high precision with negligible collateral damage, 
femtosecond laser pulses can be used to successfully cut highly porous polymer materials. 
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3.1 Abstract 
 Laser micro-drilling is a common micromachining operation in many industrial 
applications. This paper presents a new laser micro-drilling technique in which a hollow core 
fiber is employed to transmit femtosecond laser pulses to the target position. The coupling 
efficiency between the laser and the fiber is investigated and found to be strongly related to pulse 
energy and pulse duration. A parametric study on the average ablation rate indicates that in 
micro-drilling of a stainless steel (type 303), all the parameters including pulse energy, pulse 
duration, sample thickness, focal length and sample-fiber distance affect the ablation rate. The 
experimental results show that the new technique developed in this study is feasible to conduct 
micro-drilling of high aspect ratio micro-holes.  
Keywords: Femtosecond laser, micro-drilling, ablation rate, hollow core fiber, stainless 
steel 
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 3.2. Introduction 
There are many products associated with micro-drilling such as engine blades, fuel 
injectors, high resolution circuitry, flow control devices, medical devices and so on. A 
conventional technique to produce micro-holes is by mechanical micro-drilling [1, 2]; however, 
this technique has low efficiency due to chip generation, friction heating at the cutter/sample 
interface, and potential burr formation in the micromachining process [3]. Nonconventional 
techniques like electrical discharge machining (EDM) and electrochemical micro-drilling (ECM) 
[4, 5] also have low efficiency and high machining cost. Other nonconventional techniques such 
as chemical milling [6], electro-forming and plating [7, 8], electron beam drilling [9], ion beam 
milling [10], mechanical punching/broaching [11], and glass fiber forming [12] have limitations 
in terms of the requirements for equipment or sample materials. However, laser micro-drilling, 
especially with ultra-short pulsed lasers, does not have such limitations and can produce micro-
holes with high quality and high aspect ratio. 
Existing techniques for laser micro-drilling (single-pulse, percussion, trepanning and 
helical drilling) [13] are only suitable for the types of target that a laser beam can directly strike. 
For target samples with complex geometries that laser beam cannot directly reach, an alternative 
technique must be used. In this study, the laser beam is directed to propagate through a hollow 
core fiber and then reach the target surface.  
Due to the flexibility in the design of the machining system, laser beams delivered 
through a fiber have been used in laser machining [14-17] and laser assisted machining [18]. The 
requirement for the beam quality in these applications is generally less stringent. However, for 
micromachining applications, high beam quality is particularly needed due to the small feature 
size. Currently, single mode hollow core fibers are commonly adopted to transmit a high-quality 
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laser beam. Dekel et al. [19] coupled the CO2 laser pulses into a single mode hollow core glass 
fiber for marking a polyvinyl chloride (PVC) plate. Konorov et al. [20] used a single mode 
hollow core photonic-crystal fiber to transmit picosecond pulses from a Nd:YAG laser to ablate 
dental tissues. Shephard et al. [21] delivered the laser beam from a Q-switched Nd:YAG laser 
through a single mode hollow core photonic band gap (PBG) fiber to conduct micromachining of 
metal sheets. However, so far no studies have been reported on deep micro-drilling via a single 
mode hollow core fiber transmitted femtosecond pulses.  
As one type of ultra-short pulsed lasers, femtosecond laser has been intensively studied 
recently and achieved various degrees of success in micromachining applications [22-24]. 
Compared with nanosecond and picosecond lasers, femtosecond laser is regarded as a potentially 
ideal tool for precision micromachining. It deposits energy into the material in a very short time, 
thus resulting in a very small heat affected zone (HAZ) and minimal energy loss into the bulk 
material [25]. In contrast, nanosecond and picosecond lasers create a relatively large layer of 
melted material, some of which is not removed but resolidifies around the hole to form a recast 
layer, spatters or burrs [26-29].  
In this study, percussion micro-drilling using fs laser pulses delivered through a single 
mode hollow core glass fiber is conducted. The sample material is stainless steel (type 303). The 
main objective of this study is to determine how the operating parameters affect the laser-fiber 
coupling efficiency and the ablation rate in micro-drilling of the stainless steel. In the following, 
the fs laser micro-drilling experimental setup is first introduced in Section 3.3. Then, the laser-
fiber coupling efficiency (Section 3.4) and ablation rate (Section 3.5) are investigated. Finally, 
the main conclusions from this study are drawn in Section 3.6. 
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 3.3. Experimental Setup 
The femtosecond laser system consists of a Ti:Sapphire Coherent Legend Elite Duo 
chirped pulse amplifier (CPA) that operates at 1 kHz, seeded by a Rainbow oscillator. The laser 
beam delivered from this system has a center wavelength of 800 nm, repetition rate of 1 kHz, 
maximum pulse energy of 6 mJ, beam diameter of 10 mm, and beam M2 factor of 1.33. The 
delivered laser beam is focused by a focusing lens and then coupled into the hollow core 
borosilicate glass fiber mounted on two independent alignment stages. The sample is fixed on a 
micropositioning stage which is controlled by a computer to move in the x, y and z directions. A 
fast shutter is used to select the number of pulses. A neutral density filter is used to adjust the 
pulse energy into the fiber. The pulse energy and the pulse duration are measured using a power 
meter and an autocorrelator, respectively. The focus spot is measured with a CCD camera. A 
quarter-wave plate is used to generate a circularly polarized beam. The laser pulses passing 
through the drilled hole are detected with a photodiode and the corresponding ablation time is 
recorded by the computer. In addition, a nitrogen gas jet is used to blow away the generated 
debris from micro-drilling, thus protecting the fiber end.  
3.4. Investigation on Laser-Fiber Coupling Efficiency 
One function of the hollow core fiber in micro-drilling is to transmit the laser pulses to 
the target surface, and the fiber can also act as a spatial filter to improve the laser beam quality. It 
is found that coupling between the laser beam and the hollow core fiber is extremely important in 
micro-drilling and to some extent determines the quality of micro-holes. It should be mentioned 
that in this study, all the experiments are conducted in air. The pulse repetition rate and the fiber 
length are fixed at 1 kHz and 20 mm, respectively. 
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For laser-fiber coupling, the coupling efficiency is found to vary at different coupling 
positions. Furthermore, the coupling position for the maximum coupling efficiency is strongly 
related to air breakdown. Without air breakdown, the best coupling position is at the laser focus 
point. Once air breakdown occurs, the best position moves away due to beam defocusing.  
Fig. 3-1 shows the variations of coupling efficiency and output pulse energy from the 
fiber when the input pulse energy changes from 0.17 to 3.65 mJ. The following parameters are 
fixed: pulse duration τ=400 fs, focal length L=700 mm and fiber inner diameter r=150 μm. 
Initially, as the input pulse energy increases from 0.1 to 1.32 mJ (Zone A), the output pulse 
energy increase proportionally and the coupling efficiency is almost constant at around 70%. 
From 1.32 to 2.56 mJ (Zone B), however, the coupling efficiency starts to drop gradually. This is 
because the peak intensities at these pulse energies have reached the air breakdown threshold 
(~1014 W/cm2) [30], which results in air ionization and the loss of pulse energy. Once the fiber is 
filled with the maximum pulse energy after 2.56 mJ (Zone C), the output energy from the fiber 
end no longer increases and the coupling efficiency thereby continues to decrease. 
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Figure 3-1 Effect of pulse energy on coupling efficiency 
             Fig. 3-2 shows the variations of coupling efficiency with pulse energy for different pulse 
durations: 50, 200, 400 and 600 fs. The input pulse energy varies from 0.17 to 3.65 mJ and all 
the other parameters are fixed: fiber inner diameter r=150 μm and focal length L=700 mm. It can 
be seen that the coupling efficiencies for all four durations are almost the same before air 
breakdown happens, and a shorter duration leads to smaller pulse energy. In this situation, no 
energy is lost except the coupling loss. Once air breakdown happens, it can be seen that the 
coupling becomes less efficient for shorter pulses. 
 
Figure 3-2 Effect of pulse duration on coupling efficiency 
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Fig. 3-3 shows the variations of the coupling efficiency with pulse energy for different 
focal lengths: 500, 700 and 1000 mm. The fixed parameters are: pulse energy E=0.3 mJ, pulse 
duration τ=400 fs and fiber inner diameter r=150 μm. The laser spot sizes for the three focal 
lengths (500, 700 and 1000 mm) measured with the CCD camera are 66, 91 and 131 μm, 
respectively, and the corresponding divergence angles are 0.8, 0.65 and 0.58 deg. 
 
Figure 3-3 Effect of focal length on coupling efficiency 
 
For the focal lengths of 500, 700 and 1000 mm, the ratio between the laser spot size and 
the fiber inner diameter is 0.44, 0.61 and 0.87, respectively. Abrams [31] pointed out that the 
ratio for the maximum coupling efficiency is 0.64 from the theoretical calculation. As shown in 
Fig. 3.3, however, the maximum coupling efficiency does not occur for the focal length of 700 
mm, although the ratio is very close to the theoretical value of 0.64. One probable reason is that 
the theoretical value is calculated based on some assumptions like perfect Gaussian beam, 
infinitely long fiber, exactly circular beam spot and inner hole of the fiber, etc. These 
assumptions, however, cannot be realized in the actual laser-fiber coupling setup. Another reason 
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is that a small coupling ratio is prone to induce high-order beam modes that may enhance energy 
transmission. 
3.5. Parametric Study on Ablation Rate 
From the viewpoint of micromachining, high ablation rate means that the laser pulse 
energy is efficiently applied to material removal. In order to better understand the effects of the 
operating parameters on the ablation rate, a parametric study is conducted. Table 1 lists the key 
operating parameters considered in this study: pulse energy, pulse duration, sample thickness, 
focal length of the focusing lens, and sample-fiber distance (distance between the sample surface 
and the fiber end). The pulse number engaged in micro-drilling is counted from the opening of 
the shutter to the first pulse piercing the sample detected by the photodiode. In the parametric 
study, when one parameter is varied, the others are all fixed at the reference values indicated in 
bold italic style in Table 3-1. 
Table 3-1 Key parameters considered in micro-drilling 
Output Pulse 
Energy 
(E, mJ) 
Pulse 
Duration 
(τ, fs) 
Sample 
Thickness 
(t, mm) 
Focal Length 
(L, mm) 
Sample-Fiber 
Distance 
(d, mm) 
0.5 
0.8 
1.1 
1.4 
1.7 
200 
300 
400 
500 
600 
0.6 
0.9 
1.2 
500 
700 
1000 
2 
7 
12 
17 
22 
 
 3.5.1 Pulse Energy 
Fig. 3-4 shows the variations of the average ablation rate with the output pulse energy 
from 0.5 to 1.7 mJ. The fixed parameters are: pulse duration τ=400 fs, sample thickness t=0.9 
mm, focal length L=700 mm, and sample-fiber distance d=2 mm.  
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Figure 3-4 Effect of output pulse energy on ablation rate 
It can be seen that higher pulse energy can cause a higher average ablation rate. 
Moreover, higher pulse energy can lead to a larger micro-hole size. As shown in Fig. 3-5, two 
microholes of 140 and 155 μm in diameter were produced with pulse energies of 0.5 and 1.7 mJ, 
respectively. It is also noted that the heat affected zone around the micro-holes (indicated by the 
arrows in Fig. 3-5) is small. Actually, for the laser beam with a Gaussian profile, most of the 
energy is concentrated in the central area of the micro-hole. With the pulse energy increasing, the 
energy at the edge also increases, which causes the micro-hole size to enlarge and more material 
to be removed around the edge of the micro-hole. The roundness of the holes is very good, which 
is attributed to the spatial filtering effect of the hollow core fiber. 
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Figure 3-5 Comparison of the microholes for (a) pulse energy E=0.5 mJ and (b) pulse 
energy E=1.7 mJ 
 3.5.2 Pulse Duration 
Fig. 3-6 shows the variations of the average ablation rate with the pulse duration from 
200 to 600 fs. The following parameters are fixed at the reference values: pulse energy E=0.8 
mJ, sample thickness t=0.9 mm, focal length L=700 mm, and sample-fiber distance d=2 mm. 
 
 
 
 
 
 
 
 
 
Figure 3-6 Effect of pulse duration on ablation rate 
It can be seen that with the pulse duration increasing from 200 to 600 fs, the average 
ablation rate decreases. Actually, the pulse duration indicates the time during which optical 
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energy is delivered to the target and absorbed by the sample. For fixed pulse energy, a shorter 
pulse duration means a higher laser intensity. A higher intensity laser pulse could bring high 
temperature deeper into the material after thermalization, thus inducing a higher ablation rate. In 
addition, a long pulse may also suffer from energy loss due to reflections of the laser irradiation 
by the dense plasma produced by the leading edge of the pulse.  
 3.5.3 Sample Thickness 
Fig. 3-7 depicts the variations of the average ablation rate with different sample 
thicknesses: 0.6, 0.9 and 1.2 mm. The other parameters are fixed at the reference values: pulse 
energy E=0.8 mJ, pulse duration τ=400 fs, focal length L=700 mm, and sample-fiber distance 
d=2 mm. 
 
Figure 3-7 Effect of sample thickness on ablation rate 
As shown in Fig. 3-7, the average ablation rate decreases with the sample thickness. For a 
series of laser pulses used in percussion micro-drilling, it is generally true that more material can 
be ablated by the beginning pulses than the trailing ones. The reason is that, as the micro-hole 
goes deeper, more ablated particles will stay inside the micro-hole which partially scatter the 
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laser radiation from the following pulses and thus attenuate the laser radiation engaged in 
material removal, although there is little effect of plasma shielding for femtosecond pulses. Note 
that the divergence of the laser beam can also reduce the ablation rate because of a decrease of 
the beam intensity as the beam propagates deeper into the hole. 
3.5.4 Focal Length of the Focusing Lens 
Fig. 3-8 shows the variations of the average ablation rate with the focal length of 500, 
700 and 1000 mm. The other parameters are fixed at the reference values: pulse energy E=0.8 
mJ, pulse duration τ=400 fs, sample thickness t=0.9 mm, and sample-fiber distance d=2 mm. 
 
Figure 3-8 Effect of focal length of the focusing lens on ablation rate 
Fig. 3-8 indicates that the average ablation rate increases as the focal length changes from 
500 to 1000 mm. This is attributed to the improvement in the beam quality as the focal length 
increases. It is found from our experiments that the laser beam for the focal length of 1000 mm 
has the best beam mode. In general, the laser intensity distribution after the hollow core fiber 
takes the shape of a strong central core surrounded by a few weak rings. It is very likely that the 
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central beam for the 1000 mm focal length has the strongest intensity, thus resulting in the 
highest ablation rate. 
 3.5.5 Sample-Fiber Distance 
Fig. 3-9 shows the variations of the average ablation rate with the sample-fiber distance 
from 2 to 22 mm. the other parameters are fixed at the reference values: pulse energy E=0.8 mJ, 
pulse duration τ=400 fs, sample thickness t=0.9 mm, and focal length L=700 mm.  
 
Figure 3-9 Effect of sample-fiber distance on ablation rate 
It can be seen that the average ablation rate decreases linearly as the sample-fiber 
distance increases. It is also noted that the micro-hole enlarges with the distance increasing. Fig. 
3-10 illustrates two micro-holes produced with the current operating parameters. The sample-
fiber distances are 2 and 22 mm, and the corresponding micro-hole sizes are 152 and 215 μm, 
respectively. This is attributed to the divergence of the laser beam. It is suggested that the size of 
the micro-hole can be adjusted through the sample-fiber distance. 
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Figure 3-10 Comparison of the microholes for (a) sample-fiber distance = 2mm and (b) 
sample-fiber distance = 22 mm 
The above parametric study reveals that the operating parameters strongly affect the 
average ablation rate in micro-drilling. They also influence the geometric quality of the micro-
hole. Fig. 3-11 shows a typical micro-hole achievable in this study. The micro-hole was 
produced in air with the following operating parameters: pulse energy E=1.35 mJ, pulse duration 
τ=400 fs, focal length L=700 mm, fiber inner diameter r=150 μm, and sample-fiber distance d=2 
mm. The sizes of the entry and exit holes are 152 and 120 μm, respectively, and the ratio is 1:0.8. 
It is also observed that both the entry and exit hole have a good roundness, there are no recast 
layer around the micro-hole and no severe damage on the top surface induced by laser heating. 
(a) (b) 
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Figure 3-11 A microhole (~1 mm deep) created in the stainless steel (a) entry side and (b) 
exit side. 
(a) 
(b) 
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 3.6. Conclusions 
The laser-fiber coupling efficiency is found to be strongly associated with air breakdown. 
Outside the breakdown zone, the coupling efficiency almost remains constant and then gradually 
decreases within the breakdown zone. Pulse duration does not change the coupling efficiency, 
but can extend the range of pulse energy without the occurrence of air breakdown. Although a 
very small ratio between the beam spot size and the fiber inner diameter may cause a high 
coupling efficiency, a poor beam mode is usually obtained. In contrast, a very large coupling 
ratio will lead to a low coupling efficiency. 
It is feasible to drill deep micro-holes using fs laser pulses delivered through a hollow 
core fiber. The fiber acts as a spatial filter to improve the laser beam profile. The parametric 
study on the ablation rate indicates that with a given micro-hole size and the sample thickness, a 
high ablation rate can be obtained with high pulse energy, short pulse duration, and a long focal 
length. However, optimization of the operating conditions is needed to obtain a maximum 
ablation rate while meeting the quality requirements for the micro-holes such as size, roundness 
and cylindricity. 
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 4.1 Abstract 
Finding ways to scribe indium-tin oxide (ITO) coating plays an important role in the 
fabrication and assembly of thin film solar cells. Using femtosecond (fs) laser, we selectively 
removed the ITO thin films with the thickness of 120 ~160 nm on glass substrates. In particular, 
we studied the effect of laser pulse duration, laser fluence and laser scanning speed on the 
ablation of ITO. The single pulse ablation thresholds at various pulse durations were determined 
to ablate ITO thin films. Clean removal of the ITO layer was observed when the laser fluence 
was above the threshold of 0.30 J/cm2. Furthermore, the morphologies and microstructure of 
fabricated grooves were characterized using scanning electron microscope and KLA Tencor P-16 
Profiler. The groove width down to 3 micrometers with 10 nm groove ridge can be achieved by 
the ablation of femtosecond laser pulses with 220 nJ of energy. The femtosecond laser therefore 
provides a unique scheme to ablate indium tin oxide layer for the fabrication of thin film solar 
cells. 
Keywords: ablation; femtosecond laser; indium tin oxide; thin film 
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 4.2. Introduction  
Currently indium tin oxide (ITO) is widely employed as a transparent conductor for the 
fabrication of thin film solar cells [1, 2]. The ITO layer in thin film solar cell modules has a 
significant impact on the power conversion efficiency[3, 4]. In order to reduce the resistive 
losses and lost active area of solar cell, high resolution-patterning of ITO thin films is required in 
the formation of interconnect line and assembly of thin film solar cells[5]. Various techniques 
have been developed to pattern ITO electrodes with well-defined edges and electrically insulated 
grooves between the conductor lines for thin film solar cells. Examples include photolithography 
with wet etching in acidic solutions[6]. However, this method requires multiple process steps and 
expensive equipment as well as toxic chemicals. Also, the grooves with diffusion edges can be 
observed due to under or over etching. Therefore, it is necessary to develop a nonlithographic or 
direct patterning strategy to fabricate fine structures with well-defined edges on ITO electrodes.       
Laser ablation is the removal of materials from a substrate by direct absorption of laser 
energy, which can produce the desired combination of narrow and clean patterning because of 
their advantage in localized heating and material removal [7-9]. In general, ultra-short pulsed 
laser ablation offers small thermally induced defects in the remaining material, which are often 
difficult to avoid with longer laser pulses [10]. Therefore, femtosecond (fs) and picosecond (ps) 
lasers have been utilized to scribe ITO for the fabrication of solar cells [11-13]. Recent 
investigations on ps laser scribing of ITO demonstrated that the material damage threshold 
depends on laser repetition rate and wavelength, as well as other system parameters. It was also 
found that the groove edges were thermally affected by use of the 532 nm radiation, and the 
lowest ridge height of 20 nm was achieved[14]. Compared with ps laser pulses, fs laser can 
induce nonthermal structural changes driven by electronic excitation [7]. Femtosecond laser has 
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been used as the precision material remove tool in solar cell fabrication research due to small 
thermally induced defects in the remaining material [15-17].  Ashkenasi et al. reported a 
theoretical and experimental investigation on fs laser ablation and concluded that a further 
improvement in quality can be obtained by using fs  pulses in the IR spectrum[18].  Choi et 
al.[16], demonstrated fs laser ablation of ITO films with various pulse repetition rates and laser 
fluence. It was shown that the groove ridge is as high as 20 nm with the groove depth of 150 nm 
and the width of 20 mm. However, there are no reports attempting to cut narrow grooves with 
width of only a few microns. Also, the effect of fs laser pulse duration on the ablation of ITO 
thin films has not been studied.   
In this paper, the roles of laser pulse duration, laser fluence and laser scanning speed are 
investigated in fs laser patterning of ITO thin films in the regime of narrow grooves of a few 
microns wide. The potential improvement that such high quality narrow grooves could bring in 
the electrical conversion efficiency is estimated. 
4.3. Experimental procedure 
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Figure 4-1 Schematic of experimental setup 
 
Fig. 4-1 shows the experimental setup schematically. The fs laser system is used in this 
study, which consists of a commercially available Ti:Sapphire chirped pulse amplifier (CPA) 
that operates at 1 kHz, seeded by a Rainbow oscillator. The laser beam delivered from this 
system has center wavelength of 800 nm, repetition rate of 1 kHz, and maximum pulse energy of 
5 mJ [19]. The pulse duration is ~60 fs right after the amplifier measured by the autocorrelator 
and can be adjusted by varying the gratings distance of the compressor. A neutral density filter is 
applied to adjust the pulse energy. The pulse energy is measured with a power meter. The laser 
beam is focused by a lens of 150 mm focal length for single shot damage threshold investigation. 
An objective lens with 0.3 NA is used for laser grooving experiments. The laser beam is focused 
on the sample surface. The sample is fixed on a micro-positioning stage controlled by a computer 
to move in the x, y and z directions.  
Computer
CCD 
 Objective Lens 
ND Filter 
3D Stages 
Ti:Sapphire 
Femtosecond Laser 
System 
5 mJ, 60 fs, 1 kHz
Sample 
Auto-correlator 
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Commercially available ITO coated glass (Delta Technologies, LTD) with sheet 
resistance of 5~15 ohms is used in the experiments. The soda lime float glass is coated with a 
primary smoothening layer of SiO2, and the layer of indium-tin oxide is vacuum-deposited on it. 
The thickness of the ITO layer is 120~160 nm.  
In this study, the following laser ablation experiments are conducted: (1) to find the 
material damage threshold and single shot ablation rate at different pulse durations; (2) to scribe 
the ITO thin film and investigate how the operating parameters such as pulse duration, pulse 
fluence and scanning speed affect the groove geometry and surface morphology. Grooves are cut 
in ITO samples under various conditions, namely variable pulse duration, pulse fluence and laser 
scanning speed.  
To analyse the morphology of the grooves, a KLA Tencor P-16 Profiler and scanning 
electron microscope (SEM) are used to allow visual comparison in term of quality and structure 
in both 2D and 3D.The groove electrical insulation is examined by a multimeter.  
4.4. Results and discussion 
4.4.1 Single pulse ablation morphology and material damage threshold 
In order to determine the damage threshold of ITO, we investigated and observed the 
morphology and depth of crater under single fs laser shot. A typical profile image and two-
dimensional cross-section profile of a crater made at fluence of 2 J/cm2 with 150 mm focal 
length lens and 60 fs pulse duration are shown in Fig. 4-2a and 2b, respectively. From the profile 
image, we can observe the crater ablated by the Gaussian beam, and the round shape of the crater 
confirms the good beam quality. The depth of the crater is around 60 nm and the diameter is 
about 65 mm at the fluence of 2 J/cm2. Fig. 4-2c shows the ablation depth at 60 fs pulse duration 
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as a function of laser fluence based on single-shot experiments. The crater diameter and depth 
increases as the laser fluence increases. The nonlinear dependence of ablation depth with fluence 
is attributed to more efficient multi-photon ionization at higher peak intensities and plasma 
density increasing with the laser intensity rising [20]. Although the 800-nm single photons 
cannot meet ITO band gap energy requirements, the multiphoton absorption associated with the 
high intensity of fs pulse are responsible for bond breaking and subsequent emission of electrons 
and ions. 
We studied the single pulse damage threshold of the ITO film by measuring the laser 
pulse energy which resulted in visible damage to the ITO film. Damage threshold is a 
characteristic dependent on the wavelength, pulse width and type of material. It is ideally defined 
as the laser fluence at which irreversible damage occurs in the material by removing a monolayer 
of material. It is actually determined by visual examination, ablation depth measurement, plasma 
radiation monitoring etc. 
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 Figure 4-2 (a) Profile image of a crater; (b) cross-section profile of the crater; (c) the 
ablation depth as a function of laser fluence based on single-shot experiments  
 
 In this study the damage threshold was estimated by recording the diameter (D) and the 
depth of single-shot ablated craters using SEM and KLA Tencor P-16 Profiler and then using the 
following linear relationship between the square of the crater diameter and the logarithm of the 
laser pulse energy with the Gaussian profile laser beam[21]: 
                                                                        (1) 
where Fth = damage threshold, F0 =applied laser fluence and 2wo = Gaossian beam spot 
size. A plot of the square of damage diameter, D2, against the logarithm of energy is made to 
obtain both the spot size (slope of line) and damage threshold (the extrapolation of D2 to zero 
)ln(2 020
2
thF
FwD =
a 
b 
c 
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value) (Fig. 4-3 a). The damage threshold at 60 fs is found to be 0.21 J/cm2. The variations of the 
damage threshold with pulse duration are shown in Fig. 4-3 b. The damage threshold slightly 
increases with pulse duration in the sub-ps range, which agrees with the previous research on fs 
laser ablation of Cu and Al film and fs laser ablation of fused silica [22, 23]. It does not totally 
agree with the observation that the threshold fluence is independent of pulse duration based on 
the non-equilibrium mechanism of femtosecond laser ablation [20]. Any form of laser energy 
deposition related to nonlinear effects such as multi-photon ionization is more efficient at high 
peak intensities as a result of short pulse duration [18]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-3 (a) Material damage threshold at 60 femtosecond (b) Material damage threshold 
varying with pulse duration  
b a 
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4.4.2 The influence of laser fluence on groove morphologies 
The laser ablation conditions such as pulse energy and scanning speed should be well 
controlled in order to achieve required groove dimension and quality on the ITO thin film. In 
particular, the major processing parameter is laser fluence. The substrate can be damaged if the 
laser fluence is too high, while partial removal of ITO film may happen when the fluence is too 
low. 
 
 
 
 
 
 
Figure 4-4 (a) A typical 3D profile of a groove ablated at the  following conditions: pulse 
energy=160 nJ, scanning speed=0.4 mm/s, and pulse duration=60 fs; (b) 2D cross-section 
profiles of groove depth with laser energy from 125 to 310 nJ at the scanning speed of 0.4 
mm/s. 
Fig. 4-4a shows a 3D groove morphology, and Fig. 4-4b shows the cross-section profiles 
for different pulse energies. The laser beam was focused by a 30X microscope lens. From the 
Fig. 4-4b, we can observe that for the pulse energy from 125 to 310 nJ the groove depth ranges 
from 140 to 200 nm, the groove width varies from 2 to 3 µm and the ridge height on the edges 
lies in the range of 10 to 30 nm. With increasing pulse energy, the depth and width of grooves 
increase, as shown in Fig. 4-4b. The total amount of energy absorbed by the material increases 
with increasing pulse energy. The higher laser fluence intensifies the material removal process. 
b
a 
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There are ridges on both sides of the grooves. Although heat affected zones have been 
found to be very small for fs laser pulses in comparison to nanosecond laser pulses in the low 
fluence regime [24],  at high fluences (five times of damage threshold)  thermal effects even 
occur in the femtosecond range and the groove ridges are the results of the thermal effect, which 
are formed by extruding the melted material by vapor pressure and also by spallation of the thin 
film layer from the substrate [20]. 
4.4.3 The influence of pulse duration on groove morphologies 
The dependence of groove quality on pulse duration is also investigated. It is found that 
detailed structures of the ablated grooves depend strongly on the pulse duration. From the SEM 
images (Fig. 4-5a and 5b) and the 2D cross-section profiles, we find that the groove width 
decreases from 2.2 to 1.2 mm when tuning the pulse duration from 60 to 600 fs. Furthermore, the 
groove depth decreases from 130 nm to 80 nm when changing the pulse duration from 60 to 600 
fs. When the pulse duration increases and the laser intensity decrease, both the groove width and 
depth decrease at the same fluence.  
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Figure 4-5 (a) SEM image of a groove at the pulse energy of 125 nJ, the scanning speed of 
0.4 mm/s, and the pulse duration of 60 fs; (b) 3D profile of the corresponding groove; (c) 
SEM image of a groove at a longer pulse duration of 600 fs; (d) 3D profile of the 
corresponding groove;(e) 2D cross-section of the ablated grooves with pulse duration of 60, 
200 and 600 fs.  
The formation of these groove ridges is attributed to a surface tension gradient in the 
molten material near the rim of laser-irradiated spot, which might be resulted from the poor 
e 
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thermal conductivity of the glass substrate. For fs laser pulses, thermal ablation process also 
occurs when laser ablation fall in the strong ablation regime with high laser fluence [18, 22]. The 
fs ablation of the ITO thin film in the high fluence mainly governed by thermal process should 
result in the formation of the ridges because of the high surface temperature of the thin film 
followed by laser irradiation. Some groove ridges with a height of 5 to 30 nm was formed at the 
groove rim as shown in Fig.4-5. 
There also is a change in groove ridge height from 5 to 30 nm when the pulse duration 
varies from 600 to 60 fs. The threshold fluence at 60 fs is lower than that at 600 fs, therefore, at 
the same fluence level, the shorter the pulse duration, the less amount of energy deposited into 
the processed sample required to remove same amount of material. As a result, for laser pulse 
duration within the fs range, the groove ridge height, groove depth and groove width all increase 
with decreasing pulse duration at the same fluence level. Thus less pulse is required for the same 
groove width and depth with the pulse duration decreasing.  
4.4.4 The influence of laser scanning speed on groove morphologies and 
microstructure 
Laser scanning speed affects the groove morphologies and structure at the same energy 
density since the speed is related to the number of pulses absorbed by the material based on the 
equation N=RS/V, where N is the pulse number, R the pulse repetition rate, S the beam focal 
spot size and V the laser scanning speed[25]. 
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Figure 4-6 SEM images of the grooves ablated at the pulse duration of 60 fs, the pulse 
energy of 160 nJ, and the scanning speed of 0.4 mm/s (a), 0.8 mm/s (b), 1.2 mm/s (c), and 2 
mm/s (d), respectively. 
With fixed pulse energy, repetition rate and focal spot size, the scanning speed is the only 
parameter that can be varied in order to control the ablation depth. Ablation depth and width at 
various scanning speeds are shown in Figs. 4-6 and 4-7. At a low speed (0.4 mm/s), we can 
observe the groove with the width of 3 mm. At a higher speed (1.2 mm/s), the width decreases to 
2 mm. In particular, at the speed of 2 mm/s, the ITO along the groove is only partially removed. 
Furthermore, with the speed decreasing at laser fluence well above the damage threshold, the 
groove depth increases as shown in Fig. 4-7 a,b,c,d,and e. In comparison with the groove at a 
high speed, the groove at a lower speed is wider and deeper due to the accumulation of the laser 
irradiation energy. The increase of the ablated depth with decreasing scanning speed is the result 
 
a 
c d 
b 
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of more beam overlap at lower speeds, causing more laser energy accumulation and deposition in 
the same spot  in the ITO thin film[17]. Therefore, we can tune the scanning speed to control the 
groove depth within the ITO thickness.   
 
Figure 4-7 3D profile images of the grooves ablated at  the pulse duration of 60 fs, the pulse 
energy of 160 nJ, and the scanning speed of 0.4 mm/s (a), 0.8 mm/s (b), 1.2 mm/s (c), and 2 
mm/s (d), respectively; (e) groove cross-section profiles at various scanning speeds. 
e 
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4.4.5 Elemental distribution and electrical resistance across a groove 
The grooves are further investigated using the X-ray energy dispersive spectrometer 
because visual contrast does not reveal the chemical compositions. Fig. 4-8a shows the SEM 
image of an ablated groove with the width of 2.5 mm. The point-focused EDS profile from the 
surface of ITO shows intense In and Sn peaks with O from thin film and glass substrate and Si 
from glass substrate (Fig.4-8b). The line-scanning EDS profiles (Fig.4-8c) for In, Sn, O, and Si 
clearly show a dramatic decrease in the content of In and Sn and a corresponding increase in O 
and Si along the scanning path from ITO surface to the groove, indicating that the top ITO layer 
is evaporated and removed, and the glass substrate is exposed.  
 
Figure 4-8 (a) SEM image of a typical groove ablated at the pulse energy of 160 nJ, the 
scanning speed of 0.4 mm/s, and the pulse duration of 60 fs; (b) A point-focused energy-
dispersive X-ray spectroscopy (EDS) profile on ITO surface; (c) EDS line-scanning profile 
of a groove ablated in the ITO  layer to expose the substrate.   
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The electrical resistance is measured to examine the groove quality in terms of electrical 
insulation. If the groove is not clean or with high ridges (comparable to the thickness of the 
absorber layer), local shunts and shortcuts may happen through the upper layers of the thin film 
solar cell, which can reduce the cell conversion efficiency. The groove is not totally electrically 
insulated as long as the In and Sn are left in the grooves such as shown in Fig. 4-7 d and we can 
measure the electrical resistance  a few hundreds ohm. For the insulated grooves as shown in Fig. 
4-7 a,b,c , the measured electrical resistance is infinity (out of the measurement range). 
4.4.6 An example of high quality narrow grooves 
By tuning the laser energy to 220 nJ and scanning speed to 1.2 mm/s, the high quality 
groove as shown in Fig. 4-9 is achieved. The groove width is 2 mm, the ridge height is small, 
and the ITO layer is totally removed with negligible damage to the glass substrate as shown in 
Fig. 4-9b, c. The elemental analysis in Fig.4-9d confirms that there are virtually no ITO residues 
left in the groove. 
 
 
 
 
 
 
 
 
 
a b
c 
d
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Figure 4-9  (a) 3D image of a high quality groove ablated at the pulse energy of 220 nJ, the 
scanning speed of 1.2 mm/s, and the pulse duration of 60 fs; (b) SEM image of the groove 
(c) 2D cross-section of the groove; (d) EDS line-scanning profile of the groove  
The electrical resistance is examined using the multimeter and the result indicates that the 
groove is electrically insulated. High quality narrow grooves like the one shown in Fig. 4-9 could 
significantly increase the electrical conversion efficiency of thin film solar cells. For illustration 
purpose, if all three interconnection grooves can be made to a few microns in width using the 
commonly known three patterning processes (e.g. P1, P2, P3) in the monolithic solar modules, 
the dead area of the thin film solar cell can be decreased from 75~150 µm to 30~60 µm, which 
means that the cell active area will increase by 0.75~1.5% if the cell width is 6 mm [2].  
Therefore, high quality narrow grooves are highly desirable in manufacturing thin film 
solar cells, and femtosecond laser is a promising tool for producing these grooves. 
 4.5. Conclusions  
In summary, the femtosecond laser with various energy, pulse durations, and scanning 
speeds has been utilized to pattern ITO glass for thin film solar cells. The damage threshold of 
the ITO thin film is found to be 0.21~0.40 J/cm2 when the pulse duration varies from 60 to 600 
fs. The single pulse ablation rate increases with increasing laser fluence and decreasing pulse 
duration and scanning speed due to the accumulation of the laser irradiation energy. In addition, 
the groove width is insignificantly affected by pulse duration. The groove width decreases with 
increasing pulse duration. Also, we need to control the scanning speed to fully remove ITO 
without damaging the glass. We can tune the processing parameters to fabricate the required 
structure. For example, grooves without damaging the substrate can be made at the optimized 
parametric regime: the laser fluence is 2.2 J/cm2~ 5 J/cm2 and the scanning speed is 0.4~1.2 
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mm/s for a 1 kHz laser. With the selective laser energy and laser scanning speed, the high quality 
groove about 2 mm wide, 150 nm deep and 10 nm in ridge height is achieved, which shows the 
potential of fs laser for producing high density interconnects in thin film solar cells and thus 
significantly increasing the solar cell conversion efficiency. 
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 5.1 Abstract 
Finding ways to scribe Mo back conductor plays an important role in the fabrication and 
assembly of CIGS thin film solar cells. Using a femtosecond (fs) laser, we selectively removed 
the Mo thin films of 800 ~850 nm thick on flexible Polyamide (PI) substrates. In particular, we 
studied the effect of laser fluence and laser scanning speed on the ablation quality. The single 
pulse damage thresholds at various pulse durations were determined. Clean removal of the Mo 
layer was observed when laser fluence was above the threshold of 0.08-0.1 J/cm2. Furthermore, 
the morphologies and structure of the grooves were characterized using scanning electron 
microscope (SEM) and KLA Tencor P-16 Profiler. The femtosecond laser provides a unique 
scheme to ablate the metal layer on flexible substrates for the fabrication of thin film solar cells. 
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 5.2. Introduction 
The multilayer CuInxGaxSe2ySy (CIGS) thin film solar cell has drawn people’s attention 
due to its unique advantages of low production cost and high photovoltaic energy conversion 
efficiency. CIGS has been recognized as the most efficient thin-film solar cell with conversion 
efficiency of 19.96 % in the research lab [1]. The material cost of CIGS thin-film cells can be 
very inexpensive since it requires few raw materials. The manufacturing cost can be reduced 
with an efficient, scalable roll-to-roll process.  
The all laser-scribing approach can offer certain all-in-line advantages in terms of module 
manufacturing. The conventional scribing process for monolithically integrated CIGS modules in 
production lines typically involves three steps: laser patterning of the Mo back conductor (P1), 
followed by mechanical patterning of the absorption layer (P2) and finally laser patterning of the 
front conductor layer (P3) [2].  
During its in-line production the Mo-film has to be line structured and separated for the 
monolithic serial interconnection. Structuring the molybdenum film with ns-lasers has been 
investigated, the residues of Mo that were projected onto the walls of the ablation grooves and 
the metallization of the absorber close to the grooves were found [3, 4], which all affect the 
efficiency of the solar cells.  
Femtosecond (fs) laser has shown advantages in thin film structuring such as cracks free 
and little thermal heat affect zone (HAZ). Hermann et al. [5] demonstrated that femtosecond 
laser was an effective tool to do the P1 scribe for CIS-based solar cells without relevant change 
in their photo-electrical properties. Zimmer et al. [6]  demonstrated that femtosecond laser can 
produce  high quality scribing for photovoltaic applications. Although both ps and fs laser P1 
scribes for CIS and CIGS have produced higher quality scribing patterns on the glass substrate 
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compared to the nanosecond laser scribes, there are very few researches on the selective removal 
of metal thin films on flexible substrates using fs laser.  
In this paper, fs laser scribing of the Mo thin film on the flexible PI substrate is 
conducted. The main objective of this study is to investigate how the operating parameters affect 
the scribe quality and how high precision grooves can be fabricated using fs laser.  
 5.3. Experimental setup 
The fs laser system used in this study has a center wavelength of 800 nm, repetition rate 
of 1 kHz, and maximum energy of 5.1 mJ. The pulse duration is ~60 fs. The pulse duration can 
be adjusted by varying the gratings distance of the compressor measured by an autocorrelator. A 
neutral density filter is applied to adjust the pulse energy. The pulse energy is measured with a 
power meter. The laser beam is focused on the sample surface by a 100 mm focal length lens. 
The sample was fixed on a micro-positioning stage controlled by a computer to move in the x, y 
and z directions.  
The thin-film sample used in this study consists of a back contact layer (molybdenum, 
Mo) and a PI substrate. The thicknesses of the Mo layer and the PI layer are 800~850 nm and 25 
micrometer, respectively. The Mo thin film was deposited on the PI substrate using electron 
beam evaporation. 
In this study, laser ablation experiments were first conducted to find the material 
breakdown threshold at different pulse durations in order to optimize the pulse energy for 
scribing the thin film later. Then laser scribing experiments were performed to investigate how 
the operating parameters such as pulse fluence and laser scanning speed affect the groove 
geometry morphology. Sets of grooves were cut in the Mo samples under various conditions, 
namely variable laser fluence and laser scanning speed. The beam overlap along a line was 
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controlled by the laser scanning speed and pulse reperition rate. Each scribing was completed in 
a single pass. The laser fluence varied in a range from 0.1 J/cm2 to 1.2 J/cm2. The laser scanning 
speed ranges from 0.1 mm/s to 10 mm/s. 
To analyze the morphologies of the grooves, a KLA Tencor P-16 Profiler and scanning 
electron microscopy (SEM) were used to allow visual comparison in terms of quality and 
structure in both 2D and 3D. The groove electrical isolation was examined using a multimeter. 
The groove width affects the dead area and electrical resistance and thus affects the module 
efficiency. The groove depth is a key factor to assess whether the thin film is completely 
removed.  
5.4 Experiments and results 
5.4.1 Single pulse material damage threshold 
Damage threshold is a characteristic dependent on the wavelength, pulse width and type 
of material. It is ideally defined as the laser fluence at which irreversible damage occurs in the 
material by removing a monolayer of material. It is actually determined by visual examination, 
ablation depth measurement, plasma radiation monitoring etc. In this work the damage threshold 
is estimated by recording the diameter (D) and the depth of single-shot ablated craters using 
SEM and KLA Tencor P-16 Profiler and then using the following linear relationship between the 
square of the crater diameter and the logarithm of the laser pulse energy[7]: 
                                                                        (1) 
where Eth = damage threshold and 2wo = spot size. A plot of the square of damage diameter, D2, 
against the logarithm of pulse energy is made to obtain both the spot size (slope of line) and 
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damage threshold (the extrapolation of D2 to zero value) (Figure 5-1). The damage threshold was 
shown in Figure 5-1. The Mo and PI damage threshold at 60 fs were found to be 0.18 J/cm2 and 
0.75 J/cm2, respectively. The Mo damage threshold slightly increases with increased pulse width, 
which is consistent with the previous research of fs laser ablation of Cu and Al film and fs laser 
ablation of fused silica [8, 9]. Based on the Mo and PI damage threshold, the operation 
parameters can be determined to carry out scribbling Mo film on PI substrates. 
 
Figure 5-1 Single pulse damage threshold of Mo and PI with tuning fluence at various pulse 
duration. 
5.4.2 The evaluation of the groove morphology and quality 
 
Figure 5-2 SEM images of the grooves with the fixed scanning speed of 1mm/s at the 
fluence of (a) 0.5 J/cm2, (b) 0.7 J/cm2, (c) 0.9J/cm2. 
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Figure 5-3 Variations of groove width with laser fluecnce at the fixed scanning speed of 
1mm/s.  
The groove morphologies of the Mo film were investigated with SEM and 3D profiler. 
The laser beam conditions such as pulse fluence and scanning speed play a critical role in the 
fabrication of the grooves with required dimension in the Mo back conductor layer. As shown in 
Figures 5-2 and 3, the groove width increases from 3 to 13 mm for the laser fluence from 0.34 to 
0.90 J/cm2. The straight lines of curve fitting experimental data, as shown in the inset of Figure 
5-3, confirms the logarithmic relationship between the groove width and laser energy. Figure 5-4 
shows the 3D structures of the grooves with scanning speed of 1 mm/s and different laser 
fluences. When the laser scanning speed is fixed at 1 mm/s, the substrate is damaged at the 
fluence of 0.9J/cm2, as shown in Figure 5-4(c). While the incomplete removal of Mo is observed 
when the fluence is too low as shown in Figure 5-4 (a). The groove depth and the groove width 
increase with increasing laser fluence. The total amount of energy absorbed by the material 
increases with increasing pulse energy. The higher laser fluence intensified the material removal 
process. 
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Figure 5-4 3D profiles of the grooves with scanning speed of 1 mm/s, at fluence of a, 0.34 
J/cm2, b, 0.6 J/cm2, and c, 0.9J/cm2. 
There are ridges on both sides of the grooves. Although heat affected zones have been 
found to be very small for fs laser ablation in comparison with nanosecond laser ablation in the 
low fluence regime[10], at high fluences (more than five times of the damage threshold), thermal 
effects even occur in the fs range. The groove ridges are the results of the thermal effect and it is 
believed to be formed by extruding the melted material by vapor pressure. 
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On the other hand, the laser scanning speed affects the morphologies and structure of the 
grooves at a fixed fluence. The scanning speed is related to the number of pulses absorbed by the 
material based on the equation N=RS/V, where N is the pulse number, R the pulse repetition 
rate, S the beam  spot size and V the sample scanning speed.[11] 
 
Figure 5-5  Variations of groove width (top) and groove depth (bottom) with scanning 
speed. 
Ablation depth and width at fixed fluences decrease with increasing scanning speed as 
shown in Figure 5-5. At low scanning speed (0.1 mm/s), we can observe the groove with the 
width of 13 micrometer. With the higher feed rate (0.8 mm/s), the width decreases to 3 
micometer. In particular, at the feed rate of 1 mm/s or beyond, the Mo along the groove is 
partially removed and the groove could not totally electronically separate the two sides of the Mo 
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resistance was examined using the multimeter, which confirmed that the groove was electrically 
isolated.  
5.5. Conclusions 
In summary, fs laser has been utilized to scribe Mo thin film on PI flexible substrate for 
CIGS thin film solar cells. The damage threshold of Mo thin film was found to be 0.08~0.1 J/cm2 
when the pulse duration varies from 60 to 600 fs. An important focus of this study is to 
determine the optimum regime of laser ablation to produce high quality grooves by investigating 
the key factors including laser fluence and scanning speed. The following parametric regime 
produces a groove with high quality: the suitable beam fluence is 0.24 J/cm2 and the scanning 
speed is 0.6 mm/s. The ongoing work is focused on applying fs laser for the ablation of P2 and 
P3 layers for CIGS solar cells on the flexible substrate for roll to roll production. Overall, it 
appears that fs laser is a promising tool for selective removal of metal thin film conductor layers 
on flexible polymer substrates, which could result in an improved performance of CIGS and 
other thin film solar cells due to the high quality of interconnection grooves.    
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Chapter 6 - Predictive 3D model for femtosecond laser ablation of 
Mo thin film 
 6.1 Abstract 
          Mo ablation by a single femtosecond laser pulse is simulated through a two temperature 
model. Temperature evolutions in spatial and time domain for both electrons and lattice are 
obtained, which can give us insights of the energy transformation process during femtosecond 
ablation. Simulated 3D ablation craters excited by a single pulse with different fluences are 
acquired, from which we can predict crater depth and radius varying with the fluence before 
actual ablation takes place, which can help optimize the process regime for femtosecond laser 
thin film patterning for thin film solar cells. Comparisons made between the experimental results 
and simulation predictions show the reliability of the proposed ablation model. 
 6.2 Introduction 
 Femtosecond (fs) laser ablation is of significant interest both to basic research and 
industrial applications [1-3]. Fs laser pulses offer great potential for materials processing such as 
minimal damage and high precision [2, 4, 5]. The ability of fs pulsed lasers to produce 
microstructures of high quality and with good efficiency has led to an increasing interest for 
scientific investigations and practical applications. Additionally, fs laser discloses a new 
dimension of micro and nano fabrication with decreasing structure size combined with a high 
performance [6, 7]. Practical applications include hole drilling and structuring of different 
components which can be applied successfully in various fields, from microelectronics to 
photovoltaic[8, 9]. 
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In order to utilize the advantages of fs lasers in thin film solar cell manufacturing, the 
fabrication process has to be optimized for thin film patterning and structuring applications 
concerning both efficiency and quality. In last decade, the availability of fs pulsed laser systems 
have allowed a considerable enhancement of ablation quality [10]. However, a further 
improvement of the processing regime is desired. The latter can be facilitated by a fundamental 
understanding of the physical mechanisms during the ablation process which are often difficult to 
identify by diagnostic experiments alone due to the short timescales and small interaction zones. 
The understanding of the physical processes involved in metal thin film ablation by fs laser 
pulses and the calculation of the associated fluence thresholds, ablation rate and crater geometry 
information are of great importance. Simulations can help to understand the important influences 
of energy coupling, material heating and evaporation as well as ejection dynamics involved in 
laser ablation processes with fs laser pulses and predict the optimal process regime such as 
process fluence, process speed and applied optics.  
Fs laser ablation involves many complicated physical processes, including electron 
energy absorption  and accumulation from photons [2, 11], electron and lattice energy 
transportation coupling, damage formation and  corresponding energy loss. During the process of 
fs laser ablation, the electron lattice relaxation time is typically on the order of several tens of 
picoseconds[12], while the actual laser pulse has tens to hundreds of femtoseconds, hence the 
electron and lattice exposed to fs laser pulses gets excited into a high non-equilibrium state, and 
the classical Fourier heat conduction equation is unavailable in such a highly non-equilibrium 
state. In order to  characterize the non-equilibrium behaviors of the electron and lattice 
temperatures in metals, Kaganov et al. first theoretically investigated the thermal coupling 
between electrons and phonons [13]. Later, a parabolic two-temperature heat transportation 
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model was proposed by Anisimov et al. [14]. The parabolic two-temperature model (TTM) 
cannot accurately capture the lattice temperature response, especially for the late time since the 
heat conduction in lattices and electrons was not taken into account. On a quantum mechanical 
and statistical basis, Qiu and Tien  derived a more rigorous hyperbolic two-step radiation heating 
model which accounts for the ballistic heat transport through electron [15]. It describes better 
results than Anisimov et al. for laser pulse durations comparable to the electron relaxation time, 
which is from sub-femtoseconds to a few femtoseconds for metals and depends on the electron 
and phonon temperatures.  Chen and Beraun proposed a dual-hyperbolic two-temperature model, 
which extended the Qiu and Tien’s model by adding the relaxation behavior of and the heat 
conduction in lattice[16]. Basically all two temperature models assumed that the incident laser 
pulse excites the electrons that are located within the skin depth of the metal. Then, a portion of 
the thermal electron energy transfers to the neighboring lattice, whereas another part of the 
energy diffuses, through electrons, into the deeper region of the material. Once the laser pulse 
turns off, the thermal coupling between the electrons and lattice as well as the heat conductions 
in the electrons and lattice continues until equilibrium and steady state is established.  For pure 
metals, heat conduction in the lattice is small compared to that in the electrons. Therefore, the 
heat transport in the lattices is often neglected. Since the electron relaxation time is shorter than 
several tens of fs for metals, the difference between the parabolic and hyperbolic models would 
be insignificant [17]. 
The parabolic two temperature model is widely applied in ultra-short laser interaction 
with metal and metal thin films. Among these, Qiu and Tien studied the heat transfer mechanism 
during ultra-short laser heating of metals using both numerical and experimental methods [15, 
18-20]. Heat-affected zone and ablation rate of copper ablated by fs laser pulse was investigated 
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using parabolic TTM [21, 22]. An analytical solution of the TTM describing ablation of metals 
with Gaussian laser source was obtained with the assumptions that the lattice heat capacity and 
the thermal conductivity of the electron and lattice subsystems remain approximately constant 
during the process [23]. A very good agreement between experimental data and simulation 
results was found by using the parabolic one dimensional TTM for copper, silver and tungsten 
metal [4, 24]. An enthalpy form of TTM is proposed to calculate the superheating process and 
material removal from metallic materials based on the concept of phase explosion for gold thin 
film [25]. Stein et al. investigated the ultra-short pulse ablation of aluminum and silver thin films 
using TTM method. However, based on our knowledge, there is no ultra-short laser ablation 
modeling of molybdenum in the literature. Laser patterning of Mo is a very important process for 
CIGS thin film solar cells fabrication. It is necessary to model fs ablation of Molybdenum (Mo) 
thin film to understand the ablation mechanisms and optimize Mo thin film patterning process. 
The TTM has been proved to be an effective means to model and simulate laser ablation of 
metals. The main goal of this study is to gain a fundamental understanding of the mechanisms in 
fs laser ablation of Mo thin film using a combination of experiments and TTM numerical 
modeling.  
In this paper, we introduce a 3D parabolic TTM to simulate fs ablation of Mo thin film. 
By using a finite-difference method to solve the temperature equations, we obtain the 3D 
temperature field evolution for both electrons and lattice, which presents us a vivid view of the 
energy transformation process during fs ablation. Meanwhile, the ablation threshold, ablation 
rate and single pulse ablated crater geometry are calculated. In order to verify our calculations, 
the single-pulse ablation experiment is carried out. Craters radii and the single-pulse threshold 
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fluence are obtained. Comparisons between theoretical analysis and the corresponding 
experimental results show the feasibility of our two temperature model in low fluence regime.  
 6.3 Numerical model 
The well-known parabolic TTM originally proposed by Anisimov et al. is presented as 
follows [14]: 
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Here Ce = kTe and ke are the heat capacity and thermal conductivity of electrons, respectively; k 
is electron heat capacity linear temperature dependence coefficient at room temperature; ke=ke0 
(Te/Ti) and ke0 is electronic heat conductivity at room temperature; Ci is the lattice heat capacity, 
which we take as a constant; G is the electron lattice coupling coefficient, and I (r, z, t) is the 
laser heating source term which can be described by 
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where, R is the reflectance of the target; I is laser intensity, in the present paper, given by a 
Gaussian distribution in both time and spatial domain; r and z are the radius and depth 
respectively in cylindrical coordinates; w0 is the 1/e2 radius of the laser spot and τ is the FWHM 
pulse duration; α is the light absorption coefficient, I0 is the peak intensity of the laser pulse. 
As the ablation process takes place on a timescale of several tens of picoseconds, it is 
reasonable to ignore the heat losses from the metal film to the surrounding and to the front 
surface during the ablation process, so the initial and boundary conditions can be given by: 
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       Ti(r,z)p+1 = Δt * G (Tep –Tip)/Ci                                                                                                                            (7) 
Where r, z are in the cylindrical coordinates. 
A time step of 2.5 fs, an r step of 0.5 μm and a z direction step of 5 nm and z axis parallel 
to the laser direction are used in the simulation as shown in Fig.6-1. The physical parameters of 
Mo and the laser beam parameters used in the numerical simulations are given as follows [26]:  
ke0 = 138 J/ (mK s), k= 242 J/ (m3 K2), G = 1×1017 J/ (m3Ks), Ci = 2.65X106 J/ (m3 K), 
R = 0.55, α= 0.825×107 /m, T0 = 300 K, τ = 60 fs ,w0 = 8.2μm 
Solving the TTM equations yields the electron and lattice temperatures as a function of 
time and special coordinates (r, z) in the sample. A typical result of such a calculation, for pulse 
duration of 60 fs, is shown in Fig.6- 2.The material in the areas with a lattice temperature higher 
than 9300 K is considered ablated. 
 
Figure 6-2 lattice temperature field at t = 50 ps for laser fluence=4.567 J/cm2 
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 6.4 Results and discussion 
The TTM equations are solved numerically in MATLAB. Solving the TTM equations 
yields the electron and lattice temperatures as a function of time and space in the sample. A 
typical result of such a calculation, for pulse duration of 60 fs, is shown in Fig. 6-3. In Fig. 6-
3(a), it can be seen how the electron system is heated on the fs time scale and that a maximum 
electron temperature of more than 20,000 K is reached on the surface after approximately 60 fs. 
In contrast, the lattice remains cold for the first few picoseconds and is then heated via electron–
phonon collisions over a timescale of a few picoseconds. This clearly shows us that laser energy 
is first absorbed by the electrons. As time goes on, the electrons’ temperature drops while the 
lattice temperature increases. So during this period laser energy is transferred from the high 
temperature electrons to the lattice. At the time of about 50 ps the two temperatures are 
approximately the same and the target remains at thermal equilibrium from that time on. 
 
(a) 1000 fs  after the fs laser pulse (b) 50 ps after the fs laser pulse 
Figure 6-3 Electron (upper curve, red) and lattice (black) temperature evolution on Mo 
thin film surface, heated by a 60 fs-pulse with a fluence of 0.75 J/cm2 
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In the present paper, we assume that ablation takes place when the lattice temperature 
reaches the thermodynamic critical temperature Tc. It is well known that during the ablation 
process, when the temperature of the lattice reaches the thermodynamic critical temperature Tc 
(for Mo it is 10333 K), such a high temperature would inevitably lead to an extremely high 
pressure in the ablated region, and such a great pressure will be released through adiabatic 
expansion, which would finally lead to obvious material ablation and ejection by phase explosion 
and phase separation [27, 28]. In the actual calculation 0.9 Tc is always set as the critical 
temperature for material removal during fs ablation since when the calculated lattice temperature 
is equal to or greater than 0.9 Tc , phase explosion is assumed to take place [29]. 
By means of the temperature evolution of the sample in z and r directions we can predict 
the shape of ablated holes. Fig. 6-4 presents simulated craters by single pulse ablation with 
different fluences. It can be seen from Fig. 6-4 a, b, and c that with the increase of laser fluence, 
there is an obvious increase in the ablation depth and crater diameter. 
 
 
 
 
 
 
 
Figure 6-4 Simulated 3D craters by single pulse ablation with different laser fluences: (a) 
0.99 J/cm2 (b) 1.98 J/cm2 (c) 4.57 J/cm2 
(c) (b)(a) 
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6.5 Comparison with the experimental results 
6.5.1 Experimental conditions 
 A fs laser system is used in this study, which consists of a commercially available 
Ti:Sapphire chirped pulse amplifier (CPA) that operates at 1 kHz, seeded by a Rainbow 
oscillator. The laser beam delivered from this system has center wavelength of 800 nm, 
repetition rate of 1 kHz, and maximum pulse energy of 5 mJ. The pulse duration is ~60 fs right 
after the amplifier measured by the autocorrelator and can be adjusted by varying the gratings 
distance of the compressor. The laser beam is focused by a lens of 75 mm focal length for single 
shot damage threshold investigation. The laser beam is focused on the sample surface. The 
sample is fixed on a micro-positioning stage controlled by a computer to move in the x, y and z 
directions. To analyze the morphology of the grooves, a KLA Tencor P-16 Profiler and scanning 
electron microscope (SEM) are used to measure the crater diameter and depth .The ablation 
crater diameter is measured from SEM image and ablation depth is measured on 3D profiler 
images shown in Fig. 6-5 (a) and (b). 
 
 
 
 
 
 
 
(a) SEM image                           (b) 3D profile image 
Ablation area 
Damaged area 
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Figure 6-5  Images of ablation crater at fluence 2.37 J/cm2 
 
6.5.2 Single pulse ablation rate 
 
A series of simulations have been performed for Mo thin film. Fig. 6-6 (a) shows the 
ablation depth with respect to the flounce from both simulation and experiments. The results 
show that when the fluence is low there is a logarithmic dependence. Consequently, the 
simulation data are logarithmic like fitting and agree well with the experimental results. As in the 
high-fluence regime, the increase in the laser fluence results in a sharp increase in the ablation 
depth in the experimental results, while the simulation results do not agree well with it. For the 
TTM we applied, ke=ke0(Te/Ti) is limited to temperatures that are lower than the Fermi 
temperature TF and the electron relaxing process will be dominated by electron and phonon 
collisions(1014s-1) [30-33]. In high temperatures, the electron relaxing process will be dominated 
by electron and electron collision (1016s-1) and electron heat diffusion have to be taking into 
account [31-33]. In our TTM model, when laser fluence is greater than 3 J/cm2, the electron 
temperature already reaches 4.28 x104K, which is greater than the Femi temperature (3.2x104K) 
of Mo. Therefore, our model in the high fluence regime needs to be adjusted. At high fluence 
levels, Nedialkov and Nolte claimed that the overheating of the metal above the critical 
temperature leads to a sharp rise in pressure in the volume, which causes the increase of the 
ablation rate. An analytical model of the ablation depth with the laser fluence was proposed, the 
relation is as below [32, 33]: 
D=l * ln (F/Fth) 
The penetration depth is logarithmically dependent on the laser fluence. Here lis electron heat 
diffusion depth in the high fluence regime. It can be calculated as ݈ ൌ 2ඥ݇߬௘௣.=181 nm for Mo.κ 
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is the heat diffusivity of the material, and τep is the electron–phonon coupling time, which can be 
calculated by ܥ ܩ⁄ .[34]. After applying the electron heat diffusion depth of 181 nm as an 
effective penetration depth in our model, the experimental and simulation results agree very well 
as shown in Fig. 6-6 (b). 
At higher fluences the average ablation rate is determined by the effective heat 
penetration depth, which is independent of the pulse duration. The greater effective penetration 
depth is a signature of significant heat diffusion in the material, and one will thus to a less degree 
observe the same benefits of a small heat-affected zone (HAZ), as in the low fluence regime.  
Therefore, we should avoid applying the high fluence ablation when the large HAZ can induce 
the micro-crack in the Mo thin film, which would affect the thin film solar cell efficiency. 
Considering both the process productivity and the process quality, the medium fluence such as 
2~3 J /cm2 should be applied in the Mo thin film patterning in the future experiments in order to 
reach the minimal HAZ and high ablation rate such as 200~250 nm. 
 
 
 
 
 
 
(a)                                                          (b) 
Figure 6-6  Depth of ablation craters versus laser fluence: experimental (Black Square), 
simulation data (red line)  
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6.5.3 Ablated crater diameter and ablation threshold 
At the low fluence regime, the ablation crater diameter increases with laser fluence in 
both the experimental and simulation results as shown in Fig.6-7. The simulation results agree 
very well with the experimental data and we can use this model to predict the crater diameter in 
this regime. For the high fluence regime, the model we proposed needs a correction, which is our 
next step for this research. 
Figure 6-7 Ablation crater diameter with laser fluence 
By simulating a series of single pulse ablation with varying fluences we determined the 
ablation threshold for Mo at a wavelength of λ = 800 nm and a constant pulse duration of τ = 60 
fs. For comparison we also determined the ablation threshold experimentally using the same 
laser parameters. The results can be seen in Fig 6-8 showing the squared ablation diameters 
plotted against laser fluence in logarithmic scale. With the relation D2=2ω0 ln F/Fth, we obtained 
an ablation threshold fluence of Fths = 0.748 J/cm2 from the simulation and Fthe = 0.76 J/cm2 from 
the experiment. Taking into account that the simulation is assumed in the vacuum and 
experiment is in air and metal ablation in air is less efficient than in vacuum due to re-deposition 
of ablated material, it is quite reasonable to say that our experimental result fits very well with 
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the simulation at the lower fluence levels. Therefore, the model can be applied to predict the 
ablation threshold for metal thin film ablation in future experiments. 
 
Figure 6-8 fs laser ablation thresholds for both experiment and simulation 
 6.6 Conclusions 
A 3D TTM is usedto investigate fs laser ablation of Mo thin film. The energy 
transportation process between electron and lattice is clearly demonstrated. 3D craters ablated by 
single laser pulses with different laser fluences are simulated, from which the radii and depths of 
the ablation crater can be predicted before doing any experiments. A good agreement between 
simulation and experimental results is presented. Single pulse ablation rate for the fs laser 
ablation of Mo were calculated through the numerical model. The result of the simulation fits 
quite well with our experimental results. At lower fluences the material is removed through 
phase explosion and critical phase separation while at higher fluences thermal ablation is the 
dominant ablation mechanism for the case of Mo. The simulation model provides insights to the 
physical processes occurring during fs laser ablation of metals. Desired processing fluence and 
process speed regime can be predicted for Mo thin film by calculating ablation rate and ablation 
crater geometry using the developed simulation model at the low fluence regime. It also can be 
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applied to fs laser ablation of other metals and semiconductors with minor revision. However, 
the model needs further correction in order to be applied to high fluence ablation regime. 
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• It is feasible to drill high aspect ratio micro-holes using fs laser pulses delivered through a 
hollow core fiber. The fiber acts as a spatial filter to improve the laser beam profile. The 
parametric study on the ablation rate indicates that with a given micro-hole size and the 
sample thickness, a high ablation rate can be obtained with high pulse energy, short pulse 
duration, and long focal length. 
•  The feasibility of fs laser scribing of ITO thin film on glass substrate demonstrated that fs 
laser is an effective tool for producing high quality and high density interconnects in thin 
film solar cells and thus could significantly increase the solar cell conversion efficiency.  
• Scribing Mo thin film on PI was investigated and an optimal feasible region for high speed 
and high quality interconnect grooves was explored.  
• The energy transportation process between electron and lattice is clearly demonstrated. 3D 
craters ablated by single laser pulses with different laser fluence are simulated, from which 
the radii and depths of ablation crater can be predicted to guide and design the experiment.  
• A good agreement between simulation data with experimental results at low fluence ablation 
regime was presented. Single pulse ablation threshold and ablation rate for the fs laser 
ablation of Mo were calculated through the numerical model. The result of the simulation fits 
quite well with our experimental results at low fluence regime.  
 7.3 Contributions 
The contributions of this research are listed as follows: 
1. For the first time fs laser is used to scribe Mo on PI flexible substrate, which is potentially a 
key process for roll to roll fabrication of GIGS thin film solar cells. 
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2. Fs laser micro-drilling through a hollow core fiber is studied for the first time, and it offers 
more flexibility for laser micro hole drilling. 
3. The fs laser ablation model provides insights to the physical processes occurring during fs 
laser excitation of metals. Desired processing fluence and process speed regime can be predicted 
for Mo thin film by calculating the ablation threshold, ablation rate and ablation crater geometry 
using the developed model. It also can be applied to fs laser ablation of other metals and 
semiconductors with minor revision. 
4. The research achievements will have positive impacts on future machining processes since fs 
laser is a comparatively new micromachining technology in thin film solar module fabrication 
process and aerogel material, and provides a new finishing technology to improve the groove 
surface roughness without micro cracks and less thermal melting for thin film scribing. 
5. Since it is proved in this dissertation that it is feasible to micro-machine and scribe the three 
types of materials with fs laser, a thorough future research focused on improving the quality will 
be helpful for its successful implementation in the leading industry segments such as solar 
energy. This fundamental technology will lead to the development of higher technology-added 
next generation thin film scribing systems used for photovoltaic devices. 
 7.4 Future works 
Future experimental research should investigate fs laser scribing of P2 and P3 for CdTe 
and CIGS thin film solar cells. One laser for all three scribes can provide further simplification 
and flexibility to thin film solar cell production and hence, contributes to cheaper thin film solar 
cells. 
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The P2 scribing step requires the removal of double or triple layer of thin films, at a total 
thickness of a few micrometers from the Mo or ITO surface. An important requirement for the 
P2 scribe is that the absorber layer should not be melted and the back conductor layer should not 
be damaged. If the absorbing layer is melted, the melted material forms either a conducting or 
resistant layer on the conductor layer, which may affect the thin film solar cell efficiency. 
The laser spot overlap along a scribe groove needs to be controlled by the translation 
speed at a constant pulse repetition rate of 1 kHz. Various combinations of laser fluence, beam 
overlap and pass number should be used for selective ablation of the films. Optimal regimes for 
laser processing of absorbing layer should be estimated. The beam overlap plays an important 
role in the processing selectivity because the CIGS and CdTe ablation threshold is sensitive to 
accumulation of the irradiation dose. 
Further improvements should be made in fs laser ablation modeling in the high fluence 
regime.  Future simulation efforts should also investigate the effects of pulse duration and pulse 
number on ablation threshold, ablation rate and ablation crater shape. Extensive simulations are 
needed to establish reference process parameters for industrial applications of femtosecond laser 
patterning for thin film solar cells. 
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